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1. General introduction
At the time that alchemy was evolving into modern chemistry, unexplainable
differences existed between substances derived from living sources (organic substances)
and those from minerals (inorganic substances). The term organic chemistry came to
mean the chemistry of living organisms. After the discovery that organic substances could
be turned into inorganic ones and vice versa, the term organic chemistry is used to denote
the study of compounds built up mainly from carbon [1]. These organic materials have a
wide spread use, e.g.as medicines, dyes, plastics, fuels and opto-electric materials. A
major challenge in organic chemistry is the understanding of the relation between the
physical properties of a compound and its structure. This knowledge can assist in the
development of new materials with pre-defined properties. The properties of a molecule
can be studied using either experimental or theoretical techniques. A variety of analytical
and spectroscopic tools are nowadays available for the experimental study of structures
and properties [2]. For organic synthesis, the knowledge of reaction mechanisms assists in
steering reactions and rationalising the formation of side products. Reaction mechanisms
can be studied for example by measuring reaction kinetics or by using isotope labelling
techniques [3].
Scheme 1 The Lewis and Kekulé structures of methane (CH4) and ammonia (NH3).
The theoretical study of organic molecules started with the first description of the
chemical bond in molecules, which was given by Lewis [4]. H  considered only the outer
electrons (the valence electrons) to be important in the formation of chemical bonds. A
covalent chemical bond is formed between atoms by sharing electrons. This is done
because atoms aim at a noble gas electron configuration (octet rule). Carbon, having four
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valence electrons, is thus able to share four electrons and can thus form four bonds. Dots
(Lewis structures) or lines (Kekulé structures) in a graphical representation of a molecule
denote the electron pairs as is shown in Scheme 1.
The development of quantum chemistry led to a better understanding of the
formation of chemical bonds. In 1927, Heitler and London formulated a wave function for
the hydrogen molecule [5]. The chemical bond between the two hydrogen atoms (HA and
HB) is formed by coupling the spins from one electron in the 1s atomic orbital positioned
on HA and one electron in the 1s atomic orbital positioned on HB i to a singlet. The
corresponding wave function is called the Valence Bond (VB) wave function. The
chemical bond (a line in a Kekulé structure) is described by a singlet coupled electron
pair.
Another view at chemical bonding is provided by the molecular orbital (MO)
theory, developed by Hund [6], Mulliken [7] and many others. According to MO theory,
the atomic orbitals are combined into molecular orbitals (LCAO-MO expansion), and all
molecular orbitals can be doubly occupied.
2. The application of quantum chemical calculations in organic chemistry
The simplest MO theory is the Hückel theory [8,9]. Despite its numerous
approximations (only nearest neighbour interactions and neglect of explicit electron-
electron repulsion), it is successfully employed for the qualitative description of
unsaturated hydrocarbons. The Hückel rule for cyclic annulenes possessing [4n+2] and
[4n] p electrons and the frontier orbital theory [10-12] have been derived using Hückel
MO theory. The frontier orbital theory, in which the symmetries of the HOMO and
LUMO are considered as the controlling factor in chemical reactions, has successfully
been used for explaining the stereochemistry of pericyclic and Diels-Alder reactions [3].
Further development of MO methods led to the current wealth of methods for
calculating the electronic structure of molecules. Equilibrium geometries and molecular
(response) properties, like dipole moments, infrared and nuclear magnetic resonance
spectra, can be computed. Quantitative results can be obtained by the use of large (read
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huge) basis sets and accurate methods. These methods should include electron correlation
effects and, for heavier elements, relativistic effects.
In organic chemistry, quantum chemistry is most often used for the determination
of equilibrium geometries and reaction pathways, i.e. re ction and activation energies.
The calculation of the different accessible reaction routes for a molecule is helpful in
rationalising the product formation of chemical reactions. Reactive intermediates (short-
lived molecules) that are experimentally not or hard to access can be studied in computro.
Ab initio techniques can be used for predicting properties of yet unknown compounds.
Nowadays, calculations on molecules are frequently used in many areas of organic
chemistry. Only a few examples are given of the application of quantum chemistry in
organic chemistry. The examples are chosen to illustrate the strengths of this theoretical
tool and its application in experimental chemistry. The abbreviations and quantum
chemical concepts can be found in chapter 2 (“A glance at electronic structure theory”)
and in quantum chemistry textbooks [13,14].
2.1. The structure of the 2-norbornyl cation
The structure of the 2-norbornyl cation (1, see Scheme 2) has been a widely
debated issue in organic chemistry [15-18]. The question was whether 1 is a non-classical
carbocation or that a rapid equilibrium exists between the classical carbocations 2  and
2b.
Scheme 2 The possible structures of the 2-norbornyl cation.
H
(1) (2a) (2b) (3)
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Ab initio calculations at different levels of theory were performed to elucidate the
nature of the 2-norbornyl cation [19]. At the RHF level, the symmetric (Cs) structure 1
corresponds to a transition state when basis sets with no polarisation functions are used.
Thus, at the RHF/4-21G and 4-31G level of theory, the structures 2a and 2b are minima.
However, structure 1 becomes a minimum when polarisation functions are added to the
basis set, while the geometries of 2a and2b cannot be located! The inclusion of electron
correlation at the MP2/6-31G* level of theory did not alter the conclusions: 1 is a
minimum, while 2a and 2b are no stationary points. The edge-protonated structure 3
corresponds to a saddle point.
The experimental 13C NMR chemical shifts are in good agreement with those
calculated for the non-classical structure [20]. The conclusion must thus be that the 2-
norbornyl cation (1) is a non-classical carbocation.
2.2. A body-diagonal bond in 1,4-dehydrocubane?
In 1990, Michl and co-workers tried to synthesise a cubane derivative with a
body-diagonal bond (1 in Scheme 3) [21]. Infrared studies in an argon matrix at 12 K
showed that in all attempts only one single species was formed. The observation that
oligomers are formed upon treatment of 1,4-dihalocubanes with organolithium
compounds, suggests a biradical species as an intermediate [22]. Quan um chemical
calculations were used to study whether 2 is a possible candidate for the structure of this
species [21,23].
Singlet 2 was identified as a minimum on the potential energy surface, positioned
10.5 kcal/mol (GVB/6-31G*) below the triplet state. The distance between the carbon
atoms over the diagonal is 2.63 Å. The structure with the anti-bonding combination of the
orbitals centred at the indicated carbon atoms in Scheme 3 (2) is 91.0 kcal/mol lower in
energy than that with the bonding combination (1). Thus the strain imposed on the other
C-C bonds is larger than the energy gain by forming a body-diagonal bond!
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Scheme 3 The studied cubanes. Indicated is their relative energy in kcal/mol, calculated
at the GVB/6-31G* level of theory [23].
The unknown species in the argon matrix at 12 K is thus presumably indeed 1,4-
dehydrocubane (2), with no body-diagonal bond. The agreement of the calculated IR
spectrum with the experimental one further supports this assignment [21].
2.3. The rotational barrier in formamide
The amide moiety represents an important functionality in for example peptides,
i.e. in the polymerisation of amino acids. The origin of the high rotational barrier and
planarity of the simplest molecule possessing an amide group, viz. formamide, is still an
issue that attracts considerable attention. It was always assumed that a delocalised p
system as a consequence of the resonance between the two structures, depicted in Scheme
4, led to the planar form and relatively high (calculated 15.3 kcal/mol [24]; experimental
18-19 kcal/mol [25-27]) rotational barrier of formamide. As a result of this resonance, the
C-N bond is shorter and the C=O bond is longer than a normal C-N and C=O bond,
respectively. However, the C=O bond length of formamide (1.219 Å) is almost equal to
that of formaldehyde (1.206 Å) [28]. Upon rotation, the resonance stabilisation will be
lost, and therefore a relatively high rotational barrier is expected.
This view was challenged by Wiberg et al. [24,29] in 1987 on the ground of
theoretical calculations. They studied the rotational barrier of formamide at the RHF/6-
31G*, MP3/6-31G*//RHF/6-31G* [24] and MP2/6-31G* [29] levels of theories. Two
(1) 91.0 (2) 0.0
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transition states were located for the rotation, positioned 16.7 kcal/mol and 18.6 kcal/mol,
respectively, above formamide.
Scheme 4 The two resonance structures of formamide.
In the transition state, the C-N bond is substantially elongated by 0.08 Å, but the
C=O bond is unaffected (decrease of only 0.01 Å). The calculated electron population on
nitrogen decreases upon rotation (0.25 electron) and that on the carbonyl oxygen atom
decreases only slightly (0.05 electron). These observations militate against the resonance
model. Wiberg et al. [29] expected a more equal change in bond lengths for the C-N and
C=O bond, if the resonance model is correct. The electron population on nitrogen for the
planar form should be lower than for the transition state, while the electron population on
oxygen should be higher in the planar form. Further evidence that the resonance picture is
not correct comes from an analysis of the force constants. The carbonyl stretching force
constant (planar: 15.80 mdyn/Å; TS: 16.95 mdyn/Å) does not change much upon rotation
of the NH2 group. The major changes were found in the C=N (planar: 8.22 mdyn/Å; TS:
6.15 mdyn/Å) and C=O/C-N interaction force constants (planar: 1.59 mdyn/Å; TS: 1.01
mdyn/Å). Thus it was concluded that the C=O bond is unaffected upon rotation. A further
analysis using the atoms-in-molecules theory [30] l d to the same conclusions: the role of
the oxygen atom is to polarise the carbonyl group and make the carbon atom able to
interact with the nitrogen.
Wiberg et al. [29] rationalise the change in the C-N bond length by hybridisation
arguments: in the planar form, the nitrogen atom is sp2 hybridised, and is thus more
electronegative (thus leading to the shortening of the C-N bond) than in the transition
state, where the nitrogen atom is sp3 hybridised. The rotation barrier is explained by the
fact that the amino group is destabilised as a consequence of the loss of electron
O
H NH2
O
H NH2
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population, while the carbonyl carbon gains electron population. However, the amino
group is destabilised more than the carbonyl carbon is stabilised. Their main conclusion is
that the C=O bond is only a spectator. The resonance picture does not give an adequate
description of the system.
It should be mentioned, however, that their calculated bond orders for the C=O
and C-N bonds indicate that the resonance picture is correct. Upon rotation, the p bond
order of the C=O bond increases from 0.458 to 0.571, while that of the C-N bond
decreases from 0.229 to 0.046. In contrast, the s C=O bond order is only moderately
affected (planar: 0.668; TS: 0.677) while that of the C-N bond increases (planar: 0.655;
TS 0.844) [29]. The total covalent C=O bond order is only 1.127, indicating a high degree
of ionic character of the bond.
Scheme 5 The weights of the six most important resonance structures of formamide
(VB/6-31G).
Furthermore, Wiberg et al. claim that their conclusions are in accord with
valence bond calculations previously performed on formaldehyde [31]. A mor recent
VB/6-31G calculation (performed at RHF/6-31G geometry, using TURTLE [32]; the
orbitals were fully optimised) is in line with the earlier VB calculations using STO-5G
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and STO-6G basis sets. The weights of the different structures (depicted in Scheme 5)
indicate that structure A is the most important one. The C=O bond has, in agreement with
the calculated bond orders, a high ionic character, as structure D i  important. Indeed, the
weight of structure B is small, though structure C cannot be ignored. Upon rotation, the
structures B and C do not contribute anymore to the wave function [31], while structures
A and D do. Thus, according to the VB results, the resonances between the structures
A«B and A«C contribute to the rotational barrier (see also [33]).
Later, in 1997, Glendening et al.[34] provided evidence that reaffirmed the
traditional view. They analysed the wave function using the natural bond orbital methods
[35,36]. Atomic charges were derived using a natural population analysis (NPA) [37] and
the results were also analysed in light of the natural resonance theory [38,39] (NRT). They
found that upon rotation the electron population on the nitrogen atom increases, while that
on oxygen decreases! The electron population on carbon was essentially unaffected. These
results are in line with the resonance model as is shown in Scheme 4.
According to natural resonance theory (NRT), formamide should be described by
the two resonance structures depicted in Scheme 4 in the ratio 2:1. Glendening et al.
concluded that the torsional behaviour of formamide is consistent with the conventional
amide resonance model, in contrast to the conclusion of Wiberg et al.
This example shows that a careful analysis is necessary. Wiberg et al. considered
only the change in bond length and atomic charges. Atomic charges cannot be uniquely
defined, thus neither the AIM charges nor the NPA charges can be considered to be
correct [34]. The changes in bond order were almost ignored by Wiberg et al. The
changes in p bond order calculated by Wiberg et al. actually support the traditional view.
The high ionic character of the C=O bond could explain the small change in its bond
length upon rotation, as the bond length is less influenced by covalent bond orders. The
VB calculations suggest that resonance is a contributing factor. Thus the resonance model
(or equivalently the delocalised p system) does rationalise at least in part the high
rotational barrier and the planar geometry of the amide group.
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2.4. The study of through-bond interactions
The mechanism of electron transfer mediated via s turated hydrocarbon bridges
is also an important subject of study. It is of particular relevance for the development of
opto-electric materials and, thus, for an upcoming field of research, viz. molecular
electronics [40]. In this context, the diethynyl[n]staffanes (1), polynorbornyl-dienes (2)
and divinyl alkanes (3) (the structural formulas of 1-3 are shown in Scheme 6) have been
studied [41,42]. It is expected that their p bonds are degenerate as both groups are
separated from each other by a large distance. Thus both p bonds do not have a direct
interaction (through-space interaction). However, calculations on 1-3 show that the
ionisation potentials of the p bonds differ significantly [41,42]. These results were verified
by photo-electron spectroscopy experiments [43]. Thi  observation led to the question
how these bonds interact with each other. It should be noted that the strict notations s and
p are not valid, as these molecules are not linear and even not planar. In this case, as a
consequence of the symmetry, the p bonds of these molecules can interact with the s
bonds. The p bonds can thus interact with each other viathe intervening s bonds, which is
a through-bond mechanism [44].
Scheme 6 Diethynyl[n]staffanes (1), polynorbornyl dienes (2) and divinyl alkanes (3).
It has been proposed that through-bond interactions enhance the rate of electron
or hole transfer processes [44-49]. Thus an understanding of the requirements for through-
n n
(1) (2)
n
(3)
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bond coupling and how these interactions are established as well as its length dependency
are important criteria for the design of opto-electric materials.
A model for the description of through-bond coupling was outlined by
McConnell [50]. Accordingly, the molecule can be represented as composed of two
chromophores [C] that interact with each other via a bridge consisting of N units [B]. A
graphical representation of the McConnell model is given in Scheme 7. The
chromophores interact with their nearest bridge site (interaction T) and the bridge sites
interact only with their nearest neighbours (interaction t).
Scheme 7 A graphical representation of the McConnell model for the description of
through-bond orbital coupling. The chromohpores (C) interact with each other
via the N bridges B.
The splitting DE of the energy levels of the orbitals on the chromophores is then
expressed as a product of a term describing the interaction between the chromophore and
the bridge, and a term describing the propagation of the interaction along the bridge (1).
Both terms are inversely proportional to the difference in energy of the orbital on the
chromophore and the orbital on the bridge site (D).
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The McConnell model does not give an accurate description of through-bond
coupling in real molecules, as only the interactions between nearest neighbouring bridges
are taken into account. The splitting of the energies of the orbitals on the chromophore
depends also on the interaction between non-nearest neighbouring bridges. Since it is too
complicated to include the other interactions into the McConnell model and one is only
interested in qualitative answers, the formula has been simplified. The McConnell model
predicts an exponential decrease with the chain length for the orbital energy splitting if t/D
is smaller than 1. Therefore, an exponential decay for the orbital splitting as a function of
the number of intervening s bonds was proposed [51-54].
2
N
AeE
b-
=D (2)
In this equation, b is the attenuation coefficient (units: per bond) for hole and
electron transfer, respectively. The smaller the b value, the better electron (hole) transfer
can occur over large distances [51-54].
Table 1 The splitting in energy between the p bonds (RHF/3-21G) and the b(i,i+1)
values (per bond) determined from the splittings for adjacent members of 1, 2
[41] and 3 [42].1
DE b(i,i+1)
n 1 2 3 1 2 3
1 0.68 1.06 0.58 0.59 1.03 0.69
2 0.28 0.38 0.29 0.51 0.80 0.59
3 0.13 0.17 0.16 0.43 0.69 0.54
4 0.07 0.09 0.09 0.39 0.68 0.53
5 0.04 0.04 0.06 0.53
6 0.03 0.53
7 0.02
                                                 
1 The b(i,i+1) values in Table 1 are two times larger than those cited in the references [41] and [42].
The division by 2 in equation (2) was later added [54].
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The b values for 1, 2 and 3 have been calculated from the ionisation potentials of
the consecutive pairs in the series. The energy splittings of 1 (n=1-5), 2 (n=1-5) and 3
(n=1-7) were obtained using Koopmans [55] ionisation potentials at the RHF/3-21G level
of theory and are presented in Table 1. The small b values indicate that the s skeleton is
able to mediate orbital interactions over a large distance [41]. 1 has the smallest b(i,i+1)
values, suggesting that 1 is he most efficient bridge.
The bonds of the s skeleton which are involved in the through-bond interactions
can be identified by analysing the wave function in terms of for example natural bond
orbitals (NBO’s) [36,56].
This idea of measuring the splittings in orbital energies as an indicator of
through-bond orbital interactions is also applied in Chapter 6 of this thesis. For tetrahydro-
4H-thiopyran end-capped oligo(cyclohexylidenes), b values between 0.06 and 0.12 are
found, indicating that the oligo(cyclohexylidene) bridge is more efficient in mediating
through-bond interactions than 1, 2 or 3.
2.5. The concept of aromaticity
Benzene was originally described as an aromatic compound because of its
particular fragrance [57]. The initial studies revealed that benzene has a molecular
formula of (CH)6, and thus is an unsaturated compound. However, benzene has a
markedly different reactivity compared to other alkenes. Kekulé suggested that benzene
consists of two conformers, which in fact are rapidly equilibrating 1,3,5-cyclohexatrienes
[58] (Scheme 8).
Scheme 8 The equilibrium between thewo isomers of ‘benzene’, according to Kekulé
[58].
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Further experimental results showed that benzene indeed possesses different
properties. The heat of hydrogenation of benzene is ca. 34 kcal/mol less than what would
be expected for a molecule possessing three double bonds [3]. This means that benzene is
more stable than a hypothetical reference molecule with three double bonds. Benzene
possesses D6h symmetry thus all bond lengths are equal (1.399 Å [59]). In contrast to
alkenes, benzene undergoes electrophilic substitution rather than addition reactions [3],
i.e. the three double bonds are retained after the reaction. The observations of the
anomalous chemical reactivity and the bond length equalisation led to the chemical
reactivity and the geometric criteria of aromaticity.
The quantum mechanical description of benzene using Hückel MO theory [8,9],
suggests that benzene possesses a delocalised p system. The p bonds are not localised
between two neighbouring atoms, but are delocalised over the entire molecule. An extra
amount of energy is gained (delocalisation energy), due to this delocalisation of the p
electrons.
Scheme 9 The Kekulé resonance structures of benzene.
The VB wave function of benzene is a superposition of both Kekulé resonance
structures depicted in Scheme 9. Note that the geometry of the benzene skeleton is not
changed in the structures in Scheme 9, in contrast to those in Scheme 8; only the position
of the double bonds is changed. Th  interaction between these structures lowers the total
energy of the molecule compared to that of one structure. This energy difference is the
resonance energy, according to Pauling [60,61]. The descriptions of benzene in terms of
either resonating Kekulé structures or with a delocalised p electron system are equivalent
and so are delocalisation and resonance. Both models are able to explain the chemical
reactivity of benzene.
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The resonance or delocalisation energy of an aromatic hydrocarbon, which serves
as the energetic criterion of aromaticity, can be calculated in various ways. With MO
techniques as well as with experiment, the extra stabilisation of an aromatic compound
must be calculated with respect to suitable chosen reference molecules, for example
polyene references [62]. The stabilisation of benzene can be calculated using the
following homodesmotic reaction [63]:
3 trans-butadiene ® benzene + 3 ethene DH=-35.2 kcal/mol.
This reaction enthalpy indicates that the delocalised p system of benzene is more
stable than three isolated p bonds, and this DH is associated with the resonance or
delocalisation energy of benzene. Other attempts have been undertaken to calculate the
resonance energy of benzene by replacing the benzene p bonds by localised (non-
interacting) ethene p bonds [64].
Using VB theory, the resonance energy can directly be calculated as the energy
difference between the total VB energy and the energy of the most stable structure
[60,61]. The electronic structure of benzene has been addressed using VB calculations
[65]. The resonance energy of benzene was calculated using the VB methodology and
ranges from 28.5 [66] to 74.3 [67] kcal/mol, depending on the number of structures
included in the calculation.
Both the superposition of more than one Kekulé resonance structure and the
delocalised p orbitals lead to specific magnetic properties characteristic for aromatic
molecules. Aromaticity is now associated with cyclic electron delocalisation [63]. Due to
the presence of the highly mobile p electrons, ring currents can be induced when applying
an external magnetic field. A consequence of this ring current is a highly anisotropic
magnetic susceptibility. In addition, the hydrogen atoms are more deshielded than those
attached to normal alkenes, resulting in a downfield shift of their 1H NMR resonances
[68,69]. The magnetic properties of unsaturated cyclic systems are nowadays frequently
used for the assessment of their aromatic properties [63].
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The situation was recently further complicated by the papers of Shaik, Hiberty
and co-workers [70-72]. Whereas it was always assumed that the p electrons determine
the symmetric geometry of benzene, their calculations indicate that the s electrons favour
the symmetric hexagonal structure, while the p el ctrons favour alternating single and
double bonds. Their view on benzene led to a debate in the literature about the influence
of the s and p electrons on the structure of benzene [73-76]. Recent VB results suggest
that a subtle interplay of the forces of the s skeleton (favours D6h symmetry), resonance
(favours D6h symmetry) and the p bonds (favours D3h symmetry) determine the geometry
of benzene [77]. This subject is outlined in Chapter 7 in more detail.
2.6. Pyramidal tetracoordinated carbon atoms
In 1874 Le Bel and Van ‘t Hoff proposed the tetrahedral geometry of
tetracoordinated carbon [78,79]. Since then, organic chemists started the quest for finding
examples of molecules in which a tetracoordinated carbon atom has a planar geometry or
has all four bonds on its same side, to find out whether the tetrahedral geometry of
tetracoordinated carbon is a hard and fast rule. A molecule that has been the subject of
various recent theoretical studies is pyramidane (see Scheme 10) [80-82].
Scheme 10
MP2/6-31G* calculations show that pyramidane is a real minimum on the C5H4
potential energy surface and possesses C4v ymmetry [82,83]. The carbon-carbon
distances towards the apical carbon atom are rather long, viz. 1.64 Å. The lowest located
barrier for the rearrangement of pyramidane is that for the reaction of pyramidane to
pyramidane
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tricyclo[2.1.0.02,5]pent-3-ylidene (see Scheme 11). The barrier height is 23.0 kcal/mol,
thus pyramidane is a fairly stable molecule.
Scheme 11 The rearrangement reaction of pyramidane to tricyclo[2.1.0.02,5]pent-3-ylidene.
The reaction and activation energies are shown between parentheses (in
kcal/mol).
The electronic structure of pyramidane was analysed by calculating the Löwdin
bond orders [84,85] and performing an NBO analysis [36,56]. The bond order between the
apical carbon atom with one of the four carbon atoms forming the square is only 0.79,
suggesting very weak bonds from the apical carbon to the base carbon atoms. The NBO
analysis shows that pyramidane possesses a lone pair at the apical carbon atom. Thus
pyramidane is proposed to consist of a C2- unit bonded to a cyclobutadiene dication.
However, a calculation of the magnetic properties of pyramidane shows that the base
square does not possess aromatic properties, as is expected for the cyclobutadiene dication
[83].
Other structures possessing a pyramidal carbon atom, also have this electronic
structure [86], suggesting that these molecules are strong bases. The calculated proton
affinities indeed suggest this (proton affinities in the range 268-282 kcal/mol). These
proton affinities are larger than that of the superbase 1,8-bis(dimethylamino)naphthalene,
which is 246 kcal/mol [87]. The proton affinity of pyramidane itself is 233 kcal/mol [83]).
H
 tricyclo[2.1.0.02,5]pent-3-ylidene (20.8)
H
H
H
H
H
H
H
(0.0)
TS (23.0)
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All these examples show that ab initio theory is a very useful tool for both the
interpretation of experimental phenomena and for the study of the fundamentals in organic
chemistry.
3. Subjects covered in this thesis
In this thesis, ab initio methods will be used to study ground- and excited state
properties and the concept of aromaticity. It starts off with the photo-electric properties of
oligo(cyclohexylidenes) [Chapters 3-6]. Oligo(cyclohexylidenes) have been put forward
as a novel class of molecular rods [88-90]. They are composed of cyclohexyl moieties,
connected via olefinic bonds [see Scheme 12 for the general structure of
oligo(cyclohexylidenes)]. The p bonds in oligo(cyclohexylidenes) do not form a
conjugated system, as they are separated from each other by three s bonds. T e symmetry
of these oligomers is such that the p bonds can interact with the s bonds. The p bonds
interact thus with each other via the s bonds. This suggests that functional groups
positioned at the a and w termini can interact with each other via a through-bond orbital
coupling mechanism, which is indeed the case [91]. It is shown that this hydrocarbon
skeleton is a very efficient mediator in through-bond coupling. The application of the
McConnell model reveals that the rate of electron transfer via etrahydro-4H-thiopyran
end-capped oligo(cyclohexylidenes) has a very weak distance dependence. These
properties of the oligo(cyclohexylidenes) make them candidates for their application as
active spacers in opto-electric compounds [92].
Scheme 12 General formula of a,w end-functionalised oligo(cyclohexylidenes).
a w
n
a and/or w: CH2; C=O; C=NOH; S; 
                   C=CH-(CH2)n-CH3 etc.
General introduction
27
The photo-physical properties of oligo(cyclohexylidenes) and of tetrahydro-4H-
thiopyran end-capped oligo(cyclohexylidenes) are explored in the chapters 3-6. Various
computational techniques are used to set up a framework for calculating the UV spectra of
this class of compounds. The UV spectra are calculated as a function of the length and the
conformation of the oligo(cyclohexylidenes).
The central theme in chapters 7 and 8 is related to the concept of aromaticity,
which has been studied using the VB methodology. It is shown that it is not
straightforward to extend this concept to (non)-alternant polycyclic aromatic
hydrocarbons (PAH), possessing extended p systems and multiple rings. The different
aromaticity criteria outlined in section 2.5 (“The concept of aromaticity”) may lead to
different conclusions concerning the aromatic character of the different rings. First the
concept of aromaticity is explored by studying the resonance energy of benzene and its
elusive reference molecule 1,3,5-cyclohexatriene. Next, it is extended towards larger
systems.
Finally, another aspect of benzene is considered, i.e. the valence isomerisation of
Dewar benzene into benzene (Chapter 9). It was always assumed within the context of the
Woodward and Hoffmann rules [93] that this reaction proceeds via the thermally
forbidden [93] dis-rotatory transition state. Otherwise, via the con-rotatory pathway, the
highly strained isomer cis, cis, trans-1,3,5-cyclohexatriene (trans-benzene) would be
formed. Recently, tentative computational evidence was reported that a con-rota ory
pathway is accessible. However, this issue has never been scrutinised in detail.
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1. The Schrödinger equation
All calculations performed in this thesis start by solving the time-independent
non-relativistic Schrödinger equation [1].
Y=Y EHˆ (1)
where Hˆ  is the Hamilton operator, which describes the system, E is its
eigenvalue, i.e. the total energy of the system, and Y  is the wave function. The total
energy in the absence of an external field (like electric or magnetic field) depends on the
kinetic energy of the nuclei and electrons, the coulomb attraction between the nuclei and
electrons, the repulsion between the electrons and the repulsion between the nuclei,
respectively. Hence, the motions of electrons and nuclei are coupled.
The Born-Oppenheimer approximation [2] was introduced to separate the nuclear
and the electronic motion. Within this approximation, the wave function is separated into
an electronic and a nuclear part. It is assumed that the electronic wave function does not
change much for a small displacement of the nuclear coordinates. The electronic energy
depends, after applying the Born-Oppenheimer approximation, parametrically on the
nuclear coordinates.
The Schrödinger equation can only be solved analytically for one-electron
systems within the Born-Oppenheimer approximation. If the Hamiltonian could be written
as a sum of one-electron operators, a solution would be the product of one-electron
functions (orbitals) (Hartree product) and the problem is separated into a set of one-
electron problems. This product function is not anti-symmetric with respect to the
exchange of two electrons. In order to anti-symmetrise this product function, the electrons
are permuted among all orbitals, and the wave function is written as a linear combination
of all these Hartree products. This anti-symmetric wave function can be written as a
determinant and is designated as a Slater determinant [3]. This function is still an
eigenfunction of the above-mentioned Hamilton operator.
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The electron-electron repulsion term in the Hamiltonian makes that it cannot be
written as a sum of one-electron operators. Thus a Slater determinant is only a first
approximation to the solution of the Schrödinger equation. Therefore, various
approximate schemes have been developed for solving the Schrödinger equation for n-
electron systems.
2. SCF procedure
A first approximation to solve the Schrödinger equation (1) for n-electron
systems, is treating the electron-electron repulsion that one electron experiences from the
other electrons, as a mean field repulsion (Hartree-Fock procedure). The wave function is
taken as a single determinant, composed of one-electron functions (molecular orbitals
[MO’s]). The problem is then finding the best MO’s i.e. those that minimise the total
energy.
At this point, an expression for the MO’s is needed. For a one-electron atom, the
solutions of the Schrödinger equation are the hydrogenic atomic orbitals (AO’s). A natural
way to guess the MO’s (y) is by expanding them into a linear combination of atomic
orbitals (f):
å=
i
iicfy (2)
The choice of the AO’s (f) in which the MO’s (y) are expanded is called the
basis set. In principle, an infinite set of AO’s should be used, although in practice this can
never be accomplished. Hence, depending on the required accuracy for a calculation, a
basis set is chosen.
The coefficients in (2) are varied to minimise the energy of the wave function. In
Hartree-Fock theory, the MO’s are constrained to remain orthonormal. When doing so,
the Hartree-Fock integro-differential equation is obtained. This differential equation can
be written as an eigenvalue equation.
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eyy =f (3)
in which f is the Fock operator.
The Fock operator depends on the kinetic and potential energy of the electron
and a mean field repulsion that the electron experiences from the other electrons in the
molecule. This mean electron repulsion is dependent on the orbitals (y). Thus the operator
is dependent on its solutions. Therefore, the Hartree-Fock equations should be solved
iteratively.
The eigenfunctions of the Fock operator are the canonical MO’s, i.e. they
diagonalise the Fock matrix. The energies of the canonical Hartree-Fock orbitals can be
interpreted as the ionisation potential for the removal of an electron from that orbital
(Koopmans’ theorem [4]). The expectation values derived from a single determinantal
wave function are invariant under unitary transformations of the molecular orbitals. This
means that the occupied molecular orbitals may be mixed among themselves, without
changing for example either the electron density or the total energy [3,5]. Thus the
significance of a single MO should not be overrated.
For most organic molecules the Hartree-Fock approximation gives an acceptable
description of the ground state of the system. As the Born-Oppenheimer approximation
[2] is applied, the energy can be calculated for a particular nuclear configuration and the
nuclear coordinates can be varied, until a minimum in energy is found. The corresponding
structure represents the equilibrium geometry of a molecule, although the nuclei in a real
molecule do not have a fixed position, due to the zero-point vibration. The geometries
obtained using a Hartree-Fock wave function are generally close to the experimental ones.
The resulting bond lengths are usually shorter than the experimental ones [6].
3. Electron correlation
As the Hartree-Fock procedure is only an approximation to the electronic
problem, we have to find ways in which we can improve this solution. The difference
between the exact total energy and the Hartree-Fock total energy is called the correlation
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energy. Several ways exist to obtain estimates of the correlation energy. The inclusion of
electron correlation is at least necessary for obtaining reliable estimates of the energies of
excited and transition states.
3.1. Configuration Interaction
If the wave function is expanded in a complete set of N-electron wave functions,
the exact energy is obtained. The Hartree-Fock wave function is an N-electron wave
function formed from molecular orbitals, thus a complete basis of N-electron wave
functions within a given one-electron basis set can be generated by placing the N-
electrons in the K molecular orbitals in all possible ways. This procedure is called Full-CI
[3]. The Full-CI procedure gives the exact energy within a given basis set. A
disadvantage, however, is that the number of determinants grows extremely fast both with
an increasing number of electrons and with an increasing number of molecular orbitals.
This is exemplified in Table 1, where the total number of determinants is tabulated as a
function of the number of electrons and MO’s. Consequently, Full-CI calculations can
only be performed in practice with a small number of electrons in fairly small basis sets.
This limits its use. If a set of good orbitals (obtained by e.g. a Hartree-Fock calculation) is
used, it is sufficient to include only the single and double excitations from the ground state
Hartree-Fock configuration in the CI expansion. This procedure is called single double
configuration interaction (SDCI) [7,8].
Table 1 The number of determinants in a Full-CI calculations for systems containing K
MO’s and N electrons.
number of MO’s (K)
number of electrons (N) 25 50 75
10 1.0·1010 1.7·1013 1.2·1016
20 4.7·1013 5.4·1021 3.6·1025
30 4.7·1013 2.9·1026 3.2·1032
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To improve the SDCI method, one can generate all single and double excitations
from carefully chosen reference functions and not only from the Hartree-Fock wave
function. This is the multi-reference SDCI [MR-SDCI] method. For large molecules, the
inclusion of all single and double excitations in the CI expansion can still be too
excessive. Since not all single and double excitations are equally important in the
description of a particular state, methods have been developed to estimate the energy
contribution of a configuration [9-12]. If this contribution is smaller than a preset energy
threshold (d, typically in the range 10-3 - 10-5 Hartree), the configuration is not considered
further in the calculation. This method is often denoted as the MRDCI method, which is
used in the chapters 2-5 in this thesis for the calculation of excited state properties and
transition energies. The MRDCI method was first developed by Buenker and Peyerimhoff
[12], and later modified by Engels et a . [13].
The disadvantage of the (MR)-CI methods is that all truncated CI methods are
not size-consistent. This means that the energy of two non-interacting molecules treated in
a (MR)-SDCI calculation is not equal to twice the energy of one molecule. The Davidson
correction can be used for approximately correcting this size-consistency error [14].
Other schemes for calculating the correlation energy, which are size-consistent,
have been developed. Examples are CEPA [15] and CCSD [16-18]. The CCSD method is
now frequently used, and the effects of triple excited states are often estimated from
perturbational calculations (CCSD(T) [18,19]).
3.2. Møller-Plesset perturbation theory
Another method to estimate the correlation energy is the use of many-body
perturbation theory [6,20,21]. Perturbation theory can also be used for the derivation of
molecular properties (as can CI), like magnetic properties (vide infra).
The Hamiltonian is partitioned in the zeroth order Hamiltonian (H0) (unperturbed
Hamiltonian) and the perturbation. For estimating the correlation energy, H0 is th  sum of
the one-electron Fock operators. One can then derive that the Hartree-Fock energy is
equal to the sum of E0 and E
(1), and thus that the first correction to EHF becomes E
(2) [3].
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Perturbation theory works only for the estimation of the correlation energy if the
Hartree-Fock wave function gives already a good description of the molecule, viz. in the
case of a small perturbation. In the case of near-degeneracies (degenerate HOMO and
LUMO), perturbation theory fails and blows up. In these cases, it is necessary to use
(multi-reference) CI methods.
It has been shown that the energy obtained by using perturbation theory is size-
extensive, like e.g. the CCSD(T) method, in every order [22,23]. Another advantage of
perturbation theory over CI based methods is that it is computationally less expensive to
get estimates of the correlation energy, if it is used in low order. However, the
convergence of the series is not guaranteed [24-27].
4. The MCSCF and CASSCF methods
In the case that degeneracies or near-degeneracies occur between different
electronic configurations, for example for molecules that possess diradical character (near
degenerate HOMO and LUMO), a one-determinantal approach is sometimes insufficient
[28]. In this case, the wave function should be written as a linear combination of several
determinants (a small CI). The molecular orbitals and the CI coefficients are optimised
during the self-consistent field calculation. This approach is called the multi-configuration
self-consistent field (MCSCF) approach [29]. If all possible excitations are included
within a given space, this approach is called the complete active space self-consistent field
approach (CASSCF) [30].
5. Magnetic properties
The effect of a magnetic field on the wave function of a molecule can be
estimated by using perturbation theory [31]. The magnetic susceptibility (c) of a molecule
and the absolute chemical shielding of a distinct nucleus (s) can be written as second
derivatives of the total energy [32] with respect to the external magnetic field and to the
nuclear magnetic fields. The magnetic field enters the equations as a vector potential,
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leading to a gauge dependency in the calculation [33]. Gauge dependency means that the
magnitude of the different components (in this case the paramagnetic and diamagnetic
part) is dependent on the chosen origin, and one has always a free choice for the place of
the origin of the vector potential. The total shielding (sum of the diamagnetic and
paramagnetic part), however, is not gauge dependent.
The main problem for the calculation of the magnetic properties lies in the choice
of these gauges. To avoid numerical problems, the gauges should be chosen in such a way
that the paramagnetic and diamagnetic parts are as small as possible. Several methods to
solve these problems have been developed like the Individual Gauges for Localised
molecular Orbitals (IGLO) [34-36], Gauge Invariant (including) Atomic Orbitals (GIAO)
[37-39] and Continuous Transformation of Origin of Current Density (CTOCTD)
approaches [40]. The IGLO method is implemented in e.g. Turbomole [41] and Molpro
[42]. The GIAO method is implemented in Texas [43] and the Gaussian suite of programs
[44]. The accuracy of the GIAO and IGLO methods is comparable.
The calculation of NMR chemical shifts, using the IGLO formalism[34,35],
requires three steps. First, the wave function is calculated at the RHF or CASSCF [45]
level of theory, then the molecular orbitals are localised, and the last step consists of
solving the IGLO equations in an iterative manner. The gauge origins are chosen as the
charge centroids of the localised molecular orbitals. For most organic molecules the 1H
and 13C NMR chemical shifts can be accurately calculated using a HF wave function,
provided that sufficiently large basis sets are used. In contrast, the spin-spin couplings
calculated using a HF wave function, are useless [33].
6. Valence Bond theory
In Valence Bond (VB) theory [46-49], the wave function is written as a linear
combination of Kekulé (line-bond) structures. These structures are built from a number of
determinants, which are composed of doubly and singly occupied orbitals. A structure
defines the spin-coupling pattern of the singly occupied orbitals (a line in a Kekulé
structure represents a spin singlet coupled electron pair). This method allows an
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interpretation of the wave function in terms of single and double bonds. The disadvantage
of this method is the large computational demand, due to the non-orthogonality of the
orbitals and the multi-determinantal nature of the wave function.
Several VB methods have been developed. The most general one is the valence
bond self-consistent field method (VBSCF) [50,51] in which the coefficients of the
structures are optimised with respect to the total energy. From the coefficients of the
structures, weights of the structures can be evaluated, which indicate the importance of a
particular structure in the wave function. The orbitals, which are used in the description of
the structures, can be optimised simultaneously. However, the optimal orbitals of an ionic
structure differ from those of a covalent structure. In the breathing orbital method, the
orbitals of each structure are optimised separately and simultaneously [52-54].
In the spin coupled VB method [55-57], all spin-couplings for the singly
occupied orbitals are considered and the orbitals are completely optimised. A method has
been devised to transform CASSCF wave functions to spin-coupled wave functions
(CASVB) [58-60].
7. Density functional theory
The calculations described in this thesis were performed using wave function
methods. Since the popularity of methods based on density functional theory (DFT)
[61,62] has increased in the last decade, some general remarks are made. The idea in DFT
is that once the electron density is known, the position of the nuclei and their charges is
known, and hence the energy is known [63]. The derivation of the Kohn-Sham equations
showed that the orbitals [64] have the property that they give the exact electron density, if
the exact exchange-correlation functional [ ]rxcE  has been determined. Unfortunately, no
expressions exist for the exact exchange-correlation functional, thus [ ]rxcE  should be
approximated, making DFT a semi-empirical method. Numerous approximations have
been developed, and the B3LYP [65] functional is nowadays very popular.
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8. Programs used for the calculations described in this thesis
The calculations described in this thesis have been performed using different
programs on different computers. The general calculations (geometry optimisations and
Hessian calculations) were performed using the GAMESS-UK program [66].
For performing MRDCI calculations, three programs were available. The
MRDCI program of Buenker and Peyerimhoff [67] and the semi Direct MRDCI program
of Engels [68], which are both implemented in GAMESS-UK. The newly developed C++
DIESEL-CI program of Hanrath and Engels [13] i linked to GAMESS-UK. The semi
Direct MRDCI program was kindly provided by Bernd Engels, and the DIESEL-CI
program was kindly provided by Michael Hanrath and Bernd Engels.
Non-selected MRCI calculations were performed with the Direct-CI program
[69], which is a part of the ATMOL program package [70], or with the Direct-CI version
as implemented in GAMESS-UK.
For the calculations of NMR chemical shieldings, the Direct IGLO program [71]
as implemented in Turbomol [41] was used. Ulrich Fleischer is gratefully acknowledged
for providing the DSCF and DIGLO programs.
Valence bond calculations were performed with TURTLE [72]. URTLE is a
VBSCF program for optimising the structure coefficients and orbitals of the structures.
The recently implemented analytical gradients for VBSCF wave functions [73] make it
possible to perform geometry optimisations.
Most of the calculations were run on Silicon Graphics machines, equipped with
R8K (90 MHz, 360 Mflop/s), R10K (195 MHz, 390 Mflop/s) and R12K (300MHz, 600
Mflop/s) CPU’s. The CRAY YMP (240 MHz, 960 Mflop/s) which is located at SARA at
Amsterdam, was used for the very large and memory consuming calculations.
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Abstract: Ab initio MRDCI calculations were performed on the oligo(cyclohexylidenes)
1,1’-bicyclohexylidene (1) and 1,1’:4’,1”-tercyclohexylidene (2) using RHF/6-31G
geometries and molecular orbitals for the assignment of their lowest valence transitions
taking into account the four lowest states of each symmetry. The calculations
unequivocally show that the valence transitions of 1 and 2 c rrespond to p®p* and p®s*
transitions. In the case of 1, the MRDCI results were verified by Direct-CI calculations.
Mulliken population analyses suggest that the p®s* ransitions possess charge transfer
character; upon excitation electron density shifts from the olefinic carbon atoms towards
hydrogen atoms positioned in the cyclohexylidene rings. The transition energies and
oscillator strengths of the p®p* and p®s* transitions of 1 and 2 differ from those of the
reference compounds tetramethylethene (3) and 1,4-diisopropylidene-cyclohexane (4),
respectively. In going from 3 to 1 both the p®p* and the first ®p* transitions of 1 are
bathochromically shifted by ca. 0.24 eV. The first p®s* transition of 1 is
hypsochromically shifted (0.79 eV) with respect to that of 3. In the case of 2 both the
p®p* and p®s* transitions are ca. 0.9 eV bathochromically shifted with respect to those
of 4.
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1. Introduction
End-functionalised oligo(cyclohexylidenes) composed of cyclohexyl rings
connected via carbon-carbon double bonds were recently proposed as novel molecular
building blocks for supramolecular and functional systems [1-4]. D rivatives bearing an
oxime functionality at an end position were shown to be suitable amphiphiles for
Langmuir film formation at the air/water interface, which could be transferred onto
hydrophilic silicon substrates [1]. Furthermore, derivatives containing at the a, w-
positions an electron-donating and electron-accepting moiety, respectively ([DsA]), wer
shown to possess opto-electric properties. Upon excitation of [DsA] to either a local
[D*sA] or [DsA*] state, rapid intramolecular electron transfer occurs leading to the
population of a dipolar, charge separated state [D+·sA-·]* [5]. Hence, the intervening
oligo(cyclohexylidene) bridge can be envisaged as a semi-rigid redox-active moiety. To
deepen our insight in the factors contributing to the photoinduced charge separation [6]
process we were prompted to study the photo-physical properties of the
oligo(cyclohexylidenes). It is noteworthy that the simplest representative of the
oligo(cyclohexylidene) series, viz. 1,1’-bicyclohexylidene (1), has already received
considerable attention due to its peculiar UV spectrum both in the solid-state and solution
in comparison with that of a related reference compound, viz. tetramethylethene (3).
Both in the vapour phase and in solution (solvent: n-pentane) the UV absorption
spectrum of 1,1’-bicyclohexylidene (1) contains two distinct bands centred at 5.95 eV and
6.82 eV, and, at 6.01 eV and 6.85 eV, respectively [7], wh reas for 3 only one band at 7.0
eV attributed to a p®p* valence transition was found [8]. Unequivocal evidence that the
two UV absorption bands of 1 are due to valence transitions was obtained from the solid-
state UV spectrum of a single crystal of 1; two bands at 5.95 eV and 6.32 eV were found
which both were shown to be polarised along the carbon-carbon double bond C(1)-C(2)
[9]. Similar results were found for a solid-solution of 1 in stretched polyethylene films
[10]. Since Rydberg transitions possess vanishingly low intensities both in the solid-state
and in solution, they have to be attributed to valence transitions [11,12]. The 5.95 eV
(6.01 eV) band of 1 was assigned to a p®p* valence transition. However, the assignment
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of the 6.82 eV (6.85 eV) band was less straightforward. It was tentatively concluded to
correspond with a charge transfer ‘p(CH2)’®p* valence transition in which electron
density is shifted from the cyclohexyl rings into the carbon-carbon double bond [7].
To explain the difference in absorption spectra of 1 and 3 and to obtain a reliable
assignment of their valence transitions ab nitio MRDCI calculations using RHF/6-31G
geometries and molecular orbitals (MO’s) taking into account the two lowest excited
states of each symmetry were recently performed by some of the present authors [13]. The
6-31G basis set, which does not contain polarisation functions, was used to circumvent the
inclusion of Rydberg character into the transitions. The results showed that the first
valence transition of 1 is indeed a p®p* transition. However, in contrast with the previous
proposal [7], the second transition had to be unequivocally assigned to a p®s* transition.
In line with the solid-state [9] and solid solution [10] UV data both transitions were
polarised along the carbon-carbon double bond C(1)-C(2). Moreover, Mulliken population
analysis [14] revealed that the p®s* transition possesses charge transfer character, viz.
electron density is shifted from the carbon-carbon double bond towards the equatorial
hydrogen atoms of the cyclohexylring moieties.
The objective of this chapter is three-fold: 1) In our initial ab initio MRDCI
[15,16] study two states per symmetry of 1 were calculated using ca. 5000 configuration
state functions (CSF's) per symmetry for the assignment of the lowest valence transitions.
To probe the convergence of the MRDCI results, the calculations were repeated taking
into account ca. 60000 CSF's and four states per symmetry. The latter extension is a
prerequisite for the calculation of the lowest valence transitions of the next higher
homologue of 1, viz. 1,1’:4’,1”-tercyclohexylidene (2). For 2 it is anticipated that through-
bond interactions [17] between the carbon-carbon double bonds will be operational.
Hence, MRDCI calculations using only two states per symmetry will not be sufficient to
give estimates of the p®s* transitions. 2) Furthermore, the reliability of the ab initio
MRDCI approach, viz. the influence of the frozen core approximation and the
configuration selection procedure for 1 was evaluated by doing Direct-CI [18]
calculations on the ground state (1Ag) and several excited states (1Bu, 2Bu and 1Bg). 3)
Since the results reveal that the MRDCI approximations are appropriate, the lowest
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valence transitions of 1,1’:4’,1”-tercyclohexylidene (2) wer calculated taking into
account four states per symmetry. To assist the interpretation of the MRDCI results
obtained for 2 the reference compound 1,4-diisopropylidene-cyclohexane (4) was also
studied.
2. Computational details
All calculations were run on a Silicon Graphics Power Challenge computer using
the quantum chemical program system GAMESS-UK [19] and its MRDCI package [20].
All geometries were optimised at the RHF/6-31G level (, 2, 4 and 5; C2h symmetry and
3; D2 symmetry) and were characterised as local minima by means of a Hessian
calculation.
MRDCI [15,16] calculations were performed using the RHF/6-31G geometry
and molecular orbitals (MO's); transition energies and oscillator strengths (f) we
calculated for the four lowest states of each symmetry. The active CI space of 1 and2
consisted of 10 occupied MO’s (20 electrons) and 88 virtual MO’s. Configuration
selection [21] for 1 resulted in the inclusion of 56740 CSF’s of Ag, 62452 CSF’s of Au,
69783 CSF’s of Bu and 66311 CSF’s of Bg symmetry. In the case of 2, 62154 CSF’s of
Ag, 63549 CSF’s of Au, 49207 CSF’s of Bu, and of 43734 CSF’s of Bg symmetry were
included. The active CI space of 3 consisted of 13 occupied MO’s (26 electrons) and 54
virtual MOs. The configuration selection procedure gave 83295 CSF’s of A1, 88043
CSF’s of B1, 88427 CSF’s of B2, and 86363 CSF’s of B3 symmetry. The active CI space
of 4 consisted of 15 occupied MO’s (30 electrons) and 68 virtual MO’s furnishing 84986
CSF’s of Ag, 63521 CSF’s of Au, 67089 CSF’s of Bu, and 66907 CSF’s of Bg symmetry.
Direct-CI [18] calculations were performed for 1 on the 1Ag ground state, and the
1Bu, 2Bu and 1Bg excited states with the ATMOL [22] program package to test the
influence of the frozen core and the configuration selection procedure in the MRDCI
calculations. In the Direct-CI calculations only the twelve 1s orbitals on carbon of 1 were
frozen.
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Both MRDCI and Direct-CI energies were corrected for size-consistency errors
by the Davidson correction [23], generalised for multi-reference CI expansions. This is
done in the MRDCI calculations by taking for 20c , the sum of the squares of the
coefficients of all the reference configurations [16], while in the Direct-CI calculations 0c
is a projection of the reference function on the CI function [24].
Ground state and excited state electron distributions were calculated by Mulliken
population analyses [14].
3. Results and discussion
3.1. Ground state properties of compounds 1-5
In Figure 1, the RHF/6-31G geometry of 1,1'-bicyclohexylidene (1) is shown. As
discussed in a preliminary account [13], the RHF/6-31G results (bond lengths, valence
angles and dihedral angles) are in satisfactory agreement with those found by single
crystal X-ray analysis [25]. It is noteworthy that in the solid-state 1 only possesses
'approximate' C2h symmetry. Besides a crystallographic inversion centre, a non-
crystallographic mirror-plane perpendicular to the carbon-carbon double bond C(1)-C(2)
bisecting the carbon atoms C(11) and C(12) is found.
Figure 1 RHF/6-31G geometry of 1,1’-bicyclohexylidene (1).
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Figure 2 RHF/6-31G geometry of 1,1’:4’,1”-tercyclohexylidene (2).
Table 1 Calculated bond lengths (Å), valence angles (°) and dihedral angls (°) of 2.
Between parentheses the single crystal X-ray data for trans-4,4”-diheptyl-
1,1’:4’,4”-tercyclohexylidene (6) is presented.a
Bond length (Å) Valence angles (°) Dihedral angles (°)
C(1)-C(4) 1.55
(1.52)
C(1)-C(4)-C(5) 111.7
(112.3)
C(1)-C(6)-C(8)-C(10) 179.6
C(1)-C(6) 1.52
(1.50)
C(1)-C(6)-C(3) 110.2
(110.1)
C(1)-C(6)-C(8)-C(12) 0.9
C(5)-C(7) 1.34
(1.34)
C(4)-C(5)-C(7) 124.9
(125.7)
C(7)-C(9) 1.52
(1.52)
C(5)-C(7)-C(9) 124.9
(124.1)
C(9)-C(13) 1.54
(1.53)
C(7)-C(9)-C(13) 111.3
(112.3)
C(13)-C(17) 1.53
(1.52)
C(9)-C(13)-C(17) 111.5
(112.2)
C(13)-C(17)-C(15) 111.0
(109.3)
aFor single crystal X-ray data of 6 see reference [26].
The RHF/6-31-G geometries of 2 and its reference compounds 4 as well as 1,4-
dimethylidene-cyclohexane (5) are shown in Figures 2 and 3, respectively. Unfortunately,
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no single crystal X-ray structure is available for 2. However, a comparison of its RHF/6-
31G structure with the single crystal X-ray structure of an 1’,1”-bis-alkyl substituted
derivative, viz. trans-4,4”-diheptyl-1,1’:4’,1”-tercyclohexylidene (6) [26], shows that the
structural features of the tercyclohexylidene bridge are satisfactorily reproduced at the
RHF/6-31G level (Table 1).
Figure 3 RHF/6-31G geometries of 1,4-diisopropylidene-cyclohexane (4) and 1,4-
dimethylidene-cyclohexane (5).a
aSelected RHF/6-31G structural data of 4 and 5: 4 C(1)-C(4) 1.546 Å, C(1)-C(6) 1.517 Å, C(6)-C(8)
1.337 Å, C(8)-C(10) 1.515 Å, C(5)-C(6) 2.976 Å, C(4)-C(1)-C(6) 111.67°, C(1)-C(6)-C(8) 124.86°,
C(6)-C(8)-C(10) 124.66° and 5 C(1)-C(4) 1.545 Å, C(1)-C(6) 1.512 Å, C(6)-C(8) 1.326 Å, C(5)-
C(6) 2.908 Å, C(4)-C(1)-C(6) 111.06°, C(1)-C(6)-C(8) 122.99°.
As expected, the highest occupied MO's of compounds 1-5 are p-like. The
RHF/6-31G p MO energies of 1-5 together with the p MO energies of two ethene
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molecules possessing the same relative geometry as found in 1, 2, 4 a  5, respectively,
are given in Table 2.
The lowest RHF/6-31G Koopmans [27] ionisation potential (IP) of 1 (IP1 8.48
eV) is well separated from the next ionisation potential IP2 (10.89 eV); both values are in
reasonable agreement with available photo-electron spectroscopy data (1: IP1 8.16 eV, IP2
9.8 eV) [7,28]. In the case of 2, 4 and 5, a splitting of ca. 0.6 eV between the HOMO and
HOMO-1 is found, while for the ethene analogue both p MO energies remain nearly
degenerate. This near-degeneracy for the p MO energies of both ethene molecules in the
geometry of 2 is also observed, if ghost-centres, with the appropriate basis functions, are
placed on the positions of the missing atoms. Hence, this splitting can be attributed to
through-bond interactions [17] involving interactions with MO's centred on the cyclohexyl
moieties. Unfortunately, no photo-electron spectroscopy data are available for 4.
However, for 2 and 1,4-dimethylidene-cyclohexane (5), another reference compound, the
experimental ionisation potentials have been determined using PES (2: IP1 7.9 eV, IP2 8.3
eV [29]; 5: IP1 9.0 eV, IP2 9.5 eV [30]). These experimental IP values are satisfactorily
reproduced at the RHF/6-31G level of theory (Koopmans values; 2: IP1 -8.23 eV and IP2 -
8.85 eV; 5: IP1 9.07 eV and IP2 9.76 eV, Table 2).
Table 2 p MO Energies of compounds 1, 2, 3, 4 and 5.
Compound p MO energy (eV) p MO energya
1 -8.48 -10.19
2 -8.85
-8.23
-10.09
-10.09
3 -8.62 -10.19
4 -8.94
-8.30
-10.09
-10.09
5 -9.76
-9.07
-10.16
-10.15
aEnergy of the p MO’s of two ethene molecules positioned in the same geometry (see text and
Figures 1-3). For 2-5, the two ethene p MO energies are nearly degenerate.
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3.2. The lowest valence transitions of 1,1’-bicyclohexylidene (1) and t tramethylethene (3)
For the assignment of the lowest val nce transitions of compounds 1-4 the
MRDCI method was used (see computational detail section). In the case of 1 and 3, th
four lowest states of each symmetry were calculated. In Table 3, the results are reported
for 1 and compared with those of our earlier ab in tio MRDCI calculations [13]. On the
basis of the calculated C2h symmetry of 1, only the Au and Bu excited states will have non-
zero oscillator strengths (f). Since the transition energies of the Au excited states are larger
than 12 eV, while those of the Bu excited states are in the range 9.40-12.39 eV, the latter
were analysed in detail with respect to the assignment of experimentally observable
valence transitions. For the lowest two Bu excited states the results of the calculations, in
which, instead of ca. 5000 CSF's per symmetry, ca. 60000 CSF's were used, confirm the
conclusions reached in our preliminary account [13]. The lowest symmetry allowed
transition (9.47 eV, 1Bu, f 0.9401, HOMO®LUMO) is assigned to a p®p* transition,
whereas the second lowest symmetry allowed transition (10.65 eV, 2Bu, f 0.1459,
HOMO®LUMO+1) corresponds to a p®s* transition. In line with experiment [9,10],
both transitions are polarised along the carbon-carbon double bond C(1)-C(2) (Table 3).
The changes in electron population (Mulliken population analysis [14]) upon
excitation from the 1Ag ground state to the 1Bu and 2Bu excited state, respectively,
suggest that the 2Bu excited state possesses charge transfer character. Electron density
shifts from the carbon-carbon double bond C(1)-C(2) towards the equ torial ydrogen
atoms of the cyclohexylidene rings (Table 4).
The first symmetry forbidden s®p* transition is the 1Ag®1Bg transition (10.45
eV, f 0.0000, HOMO-1®LUMO) and it possesses a lower excitation energy than the first
p®s* transition (10.65 eV, 1Ag®2Bu, f 0.1459, HOMO®LUMO+1). The electron
redistribution upon excitation to the 1Bg excited state indicates that electron density shifts
from the cyclohexylidene ring moieties, v z. he allylic carbon atoms C(3) to C(6), towards
the olefinic carbon atoms C(1) and C(2) (Figure 1 and Table 4).
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Table 3 The lowest state energies of each symmetry of 1, transition energies, oscillator
strengths and polarisation.a,b
State symmetryEnergy (Hartree) Transition
energy (eV)
Oscillator
strength (f)
Polarisationa
1Ag -466.011680
(-465.938378)
2Ag -465.581054
(-465.410614)
11.72
(14.36)
0.0000
(0.0000)
3Ag -465.573313 11.93 0.0000
4Ag -465.571246 11.99 0.0000
1Au -465.568916
(-465.500749)
12.05
(11.91)
0.1139
(0.1126)
^
2Au -465.552975
(-465.488344)
12.48
(12.25)
0.0140
(0.0086)
^
3Au -465.512080 13.60 0.0401 ^
4Au -465.510265 13.64 0.0005 ^
1Bu -465.663816
(-465.597163)
9.47
(9.28)
0.9401
(0.8494)
||
2Bu -465.620345
(-465.552797)
10.65
(10.49)
0.1459
(0.1282)
||
3Bu -465.583480 11.65 0.1361 ^^
4Bu -465.556349 12.39 0.0513 ||
1Bg -465.627530
(-465.560505)
10.45
(10.28)
0.0000
(0.0000)
2Bg -465.584964
(-465.518276)
11.61
(11.43)
0.0000
(0.0000)
aNotation; ||: polarised parallel to the double bond; ^: polarised perpendicular to the double bond in
plane with the carbon atoms C(3) to C(6); ^^: polarised perpendicular to the double bond and
perpendicular to the plane occupied by the carbon atoms C(3) to C(6) (see Figure 1). bNumbers
between parentheses are taken from the preliminary account [13].
To assess the effect of the presence of the cyclohexane-like moieties on the
MRDCI results in the case of 1, transition energies as well as oscillator strengths for the
four lowest valence transitions of each symmetry were calculated for the reference
compound tetramethylethene (3) using a similar approach (Table 5). The first excited state
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of 3 has to be assigned to a p®p* excitation (9.71 eV, 1B2, f 1.0870, HOMO®LUMO;
experimental 7.0 eV [8]). The second excited state is a p® * excitation (9.86 eV, 1B1, f
0.0337, HOMO®LUMO+1), whereas the third excited state corresponds to a s®p*
excitation (10.68 eV, 2B2, f 0.0042, HOMO-1®LUMO). Again these assignments are in
line with our earlier MRDCI results in which, instead of ca. 88000 CSF’s per symmetry,
only ca. 8500 CSF’s were used [13].
Table 4 Mulliken population analysis [14] of the ground state and Mulliken population
differences for the excited states of 1,1’-bicyclohexylidene (1).
Atom State
1Ag 1Au
a 2Au
a 1Bu
a 2Bu
a 3Bu
a 4Bu
a 1Bg
a
C(1),C(2) 5.993 -0.249 0.139 -0.062 -0.208 -0.218 -0.208 0.170
C(3)-C(6) 6.337 0.051 -0.030 -0.004 -0.021 -0.005 0.007 -0.073
C(7)-C(10) 6.293 -0.089 -0.040 -0.024 -0.023 -0.027 -0.031 -0.005
C(11),C(12) 6.301 0.048 -0.086 -0.019 0.014 -0.010 -0.068 -0.031
H(13)-H(16) 0.843 0.025 0.041 0.024 -0.018 0.090 -0.026 0.029
H(17)-H(20) 0.835 -0.004 -0.019 0.007 0.147 -0.005 0.035 -0.016
H(21)-H(24) 0.848 0.063 0.000 0.008 0.014 0.060 0.031 -0.004
H(25)-H(28) 0.847 0.066 0.003 0.023 -0.009 -0.011 0.016 -0.005
H(29),H(30) 0.854 -0.008 0.028 0.017 -0.004 0.024 0.095 0.011
H(31),H(32) 0.847 -0.015 0.005 -0.005 0.019 0.000 0.107 -0.002
aFor the excited states a positive number indicates an increase in electron population, while a
negative number corresponds to a decrease in electron population.
A comparison of the calculated valence transitions of 1 and 3 shows that the
second (HOMO®LUMO+1) and third (HOMO-1®LUMO) transitions of 3 are
interchanged with the second (HOMO-1®LUMO) and third (HOMO®LUMO+1)
transitions of 1. Presumably, this is a consequence of the lower second ionisation potential
(IP2) of 1. Whereas for 3 IP1 and IP2 equal 8.62 eV and 12.07 eV, in the case of 1 th
corresponding values are 8.48 eV and 10.89 eV, respectively. Hence, IP2 of 1 is lowered
by 1.18 eV, and, therefore, the second and third valence transitions of 1 are interchanged
compared to those of 3.
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Table 5 The lowest state energies of each symmetry of 3, transition energies, oscillator
strengths and polarisation.a,b
State
symmetry
Energy (Hartree)Transition
energy (eV)
oscillator
strength (f)
Polarisationa
1A1 -234.455310
(-234.086330)
2A1 -234.002146
(-233.701057)
12.33
(14.68)
0.0000
3A1 -233.979363 12.95 0.0000
4A1 -233.935493 14.15 0.0000
1B1 -234.092957
(-233.867100)
9.86
(10.16)
0.0337 ^^
2B1 -234.046092
(-233.818473)
11.14
(11.48)
0.0447 ^^
3B1 -233.986440 12.76 0.0002 ^^
4B1 -233.939905 14.03 0.0030 ^^
1B2 -234.098550
(-233.882086)
9.71
(9.75)
1.0870 ||
2B2 -234.063002
(-233.838799)
10.68
(10.93)
0.0042 ||
3B2 -234.038101 11.35 0.0000 ||
4B2 -233.972970 13.13 0.0102 ||
1B3 -234.060525
(-233.833501)
10.74
(11.07)
0.0011 ^
2B3 -234.010001
(-233.787136)
12.12
(12.34)
0.0002 ^
aNotation; ||: polarised parallel to the double bond; ^: polarised perpendicular to the double bond in
plane with the carbon atoms C(3) to C(6); ^^: polarised perpendicular to the double bond and
perpendicular to the plane occupied by the carbon atoms C(3) to C(6). bNumbers between
parentheses are taken from the preliminary account [13].
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3.3. Direct-CI calculations on the lowest valence excited states of 1,1’-bicyclohexylidene
(1)
To assess the reliability of the MRDCI approach for the calculation of the
valence transitions of 1, i.e. in particular the applied frozen core approximation as well as
the configuration selection procedure [15,16,21], Direct-CI [18] calculations were
performed on the 1Ag ground state (6015806 states), the 1Bu (p®p*, HOMO®LUMO)
(18135443 states), 2Bu (p®s*, HOMO®LUMO+1) (18135443 states) and 1Bg (s®p*,
HOMO-1®LUMO) (21633690 states) excited states (Table 6). In these calculations only
the MO’s corresponding to the carbon 1s atomic orbitals were frozen. In general, the
MRDCI excitation energies of the lowest transitions deviate ca. 1.2 eV from the Direct-CI
values. The error of 2.3 eV for the lowest p®p* transition energy calculated by the
Direct-CI method (8.29 eV), compared to experiment (®p* 6.01 eV [7]), is attributed to
the use of the relatively small 6-31G basis set.
Table 6 A comparison of excitation energies of 1 calculated by the Direct-CI method
and the MRDCI method.
State
symmetry
Energy
(Direct-CI in Hartree)
Transition energy
(Direct-CI in eV)
Transition energy
(MRDCI in eV)
1Ag -466.949201
a
1Bu -466.644486 8.29 9.47
2Bu -466.598399 9.55 10.65
1Bg -466.613303 9.14 10.45
aMRDCI ground state energy : -466.01168043 Hartree
In spite of the difference in transition energy of more than 1 eV, the most
important configurations in the CI vector calculated by both the MRDCI and the Direct-CI
method for each state are essentially identical (Table 7). Thus, the MRDCI frozen core
approximation and configuration selection procedure can be applied for the study of the
optical properties of the oligo(cyclohexylidenes). These results provide additional support
for the reliability of the assignment of the lowest valence excited states of 1.
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Table 7 Comparison of c2 in the CI vector calculated by the MRDCI method and the
Direct-CI method for compound 1. Only c2 > 0.0002 are tabulated.
1Ag state
MO
MRDCI DIRECT 42 43 44 45 46 47 48 52 54 Y
0.93004 0.77845 2 2 2 2 2 - - - -
0.00646 0.00616 2 2 2 2 - 2 - - -
0.00257 0.00053 2 2 2 2 - 1 1 - -
0.00035 2 2 2 2 - 1 - - 1
0.00025 2 2 2 2 - 1 - - - 1a
Y is an unoccupied MO: aY = 72.
1Bu state
MO
MRDCI DIRECT 36 44 45 46 47 48 49 51 52 54
0.92397 0.77631 2 2 2 1 1 - - - - -
0.00008 0.00179 2 2 2 1 - 1 - - - -
0.00061 2 1 2 2 - - 1 - - -
0.00070 2 2 1 2 - - - 1 - -
0.00512 2 2 2 1 - - - - - 1
2Bu state
MO
MRDCI DIRECT X 40 41 42 43 44 45 46 47 48 49 51 52 54 Y
0.00077 0.00170 2 2 2 2 2 2 1 1 - - - - -
0.87488 0.77401 2 2 2 2 2 2 1 - 1 - - - -
0.00120 2 2 2 2 1 2 2 - - 1 - - -
0.00036 2 2 2 2 2 1 2 - - - 1 - -
0.00024 1a 2 2 2 2 2 2 1 1 1 - - - -
0.03162 0.00025 2 2 2 2 2 2 1 - - - - - 1
0.00026 1b 2 2 2 2 2 2 1 - 1 - - - - 1c
0.01414 2 2 2 2 2 2 1 - - - - 1 -
X is an occupied MO and Y is an unoccupied MO: aX = 31, bX = 33 and cY = 72.
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Table 7 Continued
1Bg state
MO
MRDCI DIRECT X 36 37 40 43 45 46 47 48 49 51 52 54 57 Y
0.84382 0.73092 2 2 2 2 1 2 1 - - - - - -
0.04809 0.03760 2 2 2 2 1 2 - 1 - - - - -
0.00697 2 2 2 1 2 2 - - 1 - - - -
0.00091 2 2 2 1 2 2 - - - - - - - 1a
0.00027 1b 2 2 2 2 2 2 1 - - - - - -
0.00039 1 2 2 2 2 2 1 - - - - - -
0.00546 0.00020 2 1 2 2 2 2 1 - - - - - -
0.00925 0.00025 2 2 1 2 2 2 1 - - - - - -
0.00023 1c 2 2 2 2 2 1 2 - - - - - -
0.00410 0.00039 2 2 2 1 2 1 2 - - - - - -
0.00949 0.00040 2 2 2 2 1 2 - - - - - 1 -
0.00212 0.00020 2 2 2 2 1 2 - - - - - - - 1d
0.00047 2 2 2 2 2 1 - - - 1 - - -
0.00033 2 2 2 2 2 1 - - - - - - 1
0.00180 2 2 2 2 2 1 - - - - - - - 1e
X is an occupied MO and Y is an unoccupied MO: aY = 59, bX = 21, cX = 33, dY = 76 and eY = 60.
3.4. The lowest valence transitions of 1,1’:4’,1”-tercyclohexylidene (2) an  1,4-
diisopropylidene-cyclohexane (4)
The MRDCI transition energies, oscillator strengths (f) and polarisation of the
four lowest states of each symmetry for 2 are reported in Table 8. A survey of the data
reveals that the 1Bu and 2Bu states correspond to the two p®p* (HOMO®LUMO and
HOMO-1®LUMO+1) transitions, which are both polarised along the double bonds C(5)-
C(7) and C(6)-C(8). As expected, Mulliken population analysis [14] show that for these
excited states no significant electron redistribution occurs (Table 9). The excitation to the
3Bu state (10.87 eV, f 0.13040) corresponds to a p®s* transition, which despite its multi-
reference character possesses mainly HOMO®LUMO+2 character (c2
HOMO®LUMO+2: 0.65; HOMO-1®LUMO+3: 0.12). In analogy with the 2Bu xcited
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state of 1, it is polarised along the carbon-carbon double bonds C(5)-C(7) and C(6)-C(8).
Among the Au states, only the 4Au excitation does not have a vanishingly low oscillator
strength. The other Au excited states (1Au, 2Au and 3Au) will not be analysed further. The
4Au (12.18 eV, f 0.1832, HOMO-1®LUMO+8) excited state resembles the 1Au state of 1
and is assigned to a p®s* transition, which is polarised perpendicular to the carbon-
carbon double bonds C(5)-C(7) and C(6)-C(8), and, in plane of the carbon atoms C(1),
C(3) and C(10).
Table 8 The four lowest state energies of each symmetry of 2, transition energies,
oscillator strengths and polarisation.a
State
symmetry
Energy (Hartree) Transition
energy (eV)
Oscillator
strength (f)
Polarisationa
1Ag -697.739594
2Ag -697.394330 9.40 0.0000
3Ag -697.378812 9.82 0.0000
4Ag -697.350313 10.59 0.0000
1Au -697.363365 10.24 0.0004 ^
2Au -697.318984 11.45 <0.0001 ^
3Au -697.294821 12.10 0.0067 ^
4Au -697.292093 12.18 0.1832 ^
1Bu -697.400453 9.23 1.8993 || (18º ^^ )
2Bu -697.369086 10.08 0.1956 || (24º ^^ )
3Bu -697.340076 10.87 0.1340 || (14º ^^ )
4Bu -697.314832 11.56 0.1895 ^^ (7º ||)
1Bg -697.353366 10.51 0.0000
2Bg -697.303811 11.86 0.0000
3Bg -697.292895 12.16 0.0000
4Bg -697.283680 12.41 0.0000
aNotation; ||: polarised parallel to the double bond; ^: polarised perpendicular to the double bond in
plane with the carbon atoms C(1), C(3), C(10) and C(11), C(2), C(4), C(9), C(12); ^^: polarised
perpendicular to the double bond and perpendicular to the planes occupied by the carbon atoms
C(1), C(3), C(10), C(11) and C(2), C(4), C(9), C(12), respectively (see Figure 2). Between
parentheses the angle (º) with the specified polarisation direction is denoted.
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The 4Bu excited state (11.56 eV, f 0.1895, HOMO®LUMO+9) of 2 and the 3Bu
excited state of 1 are both p®s* transitions, polarised perpendicular to both the carbon-
carbon double bonds (C(5)-C(7) and C(6)-C(8)) as well as perpendicular to the plane of
carbon atoms (C(1), C(3) and C(10)).
Table 9 Mulliken population analysis [14] of the ground state and Mulliken population
differences of the excited states of 2.
Atom State
1Ag 4Au
a 1Bu
a 2Bu
a 3Bu
a 4Bu
a 1Au
a 1Bg
a
C(1)-C(4) 6.329 0.000 0.001 -0.019 -0.015 -0.024 -0.037 -0.044
C(5),C(6) 6.001 -0.124 -0.013 -0.083 -0.078 -0.147 0.083 0.079
C(7),C(8) 5.999 -0.137 -0.016 -0.064 -0.135 -0.119 0.098 0.084
C(9)-C(12) 6.336 -0.005 -0.002 -0.010 -0.024 0.000 -0.038 -0.040
C(13)-C(16) 6.293 -0.032 -0.005 -0.008 -0.021 -0.005 -0.006 -0.010
C(17),C(18) 6.305 0.014 -0.010 -0.009 -0.011 -0.004 -0.019 -0.021
H(19)-H(22) 0.836 0.004 -0.005 0.038 -0.005 0.174 0.008 0.020
H(23)-H(26) 0.843 0.032 0.008 0.011 0.014 0.004 0.013 0.017
H(27)-H(30) 0.847 0.039 0.002 0.005 0.026 0.001 -0.001 0.000
H(31),H(32) 0.854 -0.003 0.008 0.006 0.019 -0.001 0.005 0.006
H(33)-H(36) 0.834 0.032 0.004 0.030 0.020 -0.004 -0.014 -0.005
H(37)-H(40) 0.834 0.035 0.001 0.018 0.073 -0.005 -0.008 -0.008
H(41)-H(44) 0.847 0.022 0.011 0.007 0.018 -0.006 -0.002 -0.004
H(45),H(46) 0.845 -0.005 -0.002 0.002 0.032 -0.002 -0.001 -0.001
aFor the excited states a positive number indicates an increase in electron population, while a
negative number corresponds to a decrease in electron population.
As shown by Mulliken population analyses [14], the p®s* transitions again
possess charge transfer character; electron density shifts from the carbon-carbon double
bonds towards the cyclohexylidene rings. Upon excitation to the 3Bu state, the electron
population on C(7) and C(8) decreases, while that on the equatorial hydrogen atoms
H(37) to H(40) present in the outermost cyclohexylidene rings increases. For the 4Au
excited state, the electron population of the olefinic carbon atoms C(5) to C(8) decreases,
whereas concomitantly that on the equatorial hydrogen atoms H(37) to H(40) and axi l
Chapter 3
66
hydrogen atoms H(23) to H(30) of the outermost cyclohexylidene rings as well as the
equatorial hydrogen atoms H(33) to H(36) of the central cyclohexylidene ring increases.
In the 4Bu excited state, the electron population on the olefinic carbon atoms C(5) to C(8)
decreases while the electron population of the axial hydrogen atoms H(19) to H(22) of the
central cyclohexylidene ring increases.
The 2Ag and 3Ag excited states correspond to the symmetry forbidden p®p*
transitions HOMO®LUMO+1 and HOMO-1®LUMO, respectively. The 1Ag®1Au
(s®p*, 10.24 eV, f 0.0004, HOMO-2®LUMO) transition, which possesses only a small
oscillator strength, is polarised perpendicular to the double bonds (C(5)-C(7) and C(6)-
C(8)), but in plane of the carbon atoms (C(1), C(3) and C(10)). The excitation to the 1Bg
state (10.51 eV, f 0.0000, HOMO-2®LUMO+1), which is symmetry forbidden, of 2
corresponds to a s®p* transition. Upon excitation to either the 1Au or 1Bg excited states
of 2 the electron population on C(1) to C(4) and C(9) to C(12) decreases, while that on the
olefinic carbon atoms increases (Table 9).
Compared to 1 the lowest lying active s®p* excitation is lowered in energy (1;
1Au; 12.05 eV and 2; 1Au; 10.24 eV), but the oscillator strength (f) also decreases (1; f
0.1139 and 2; f 0.0004).
To further corroborate the assignment of the lowest valence transitions of 2 and
the effect of the outermost cyclohexane-like rings on the calculated valence transitions,
the reference compound 1,4-diisopropylidene-cyclohexane (4) was lso studied using the
ab initio MRDCI method (Table 10). Again the excitations to the 1Bu and 2Bu states have
to be assigned to p®p* transitions (9.83 eV and 11.09 eV; f 1.6150 and 0.7306;
HOMO®LUMO and HOMO-1®LUMO+1, respectively). The charge redistribution
upon excitation to the Au and Bu states is presented in Table 11. It is noteworthy that the
transition energies for 4 a e all hypsochromically shifted by ca. 0.7 eV with respect to
those of 2, presumably due to the higher ionisation potentials of 4. The RHF/6-31G
Koopmans [27] ionisation potentials of the p MO's of 2 are 8.23 eV and 8.86 eV, whereas
for 4 the corresponding values are 8.30 eV and 8.94 eV, respectively, which are in
satisfactory agreement. The next two lower ionisation potentials of 2 ar  10.75 eV and
11.33 eV, respectively, while for 4 they are 11.15 eV and 12.19 eV.
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All oscillator strengths, with the exception of those for the 2Bu and 2Au state,
increase in going from 4 to 2. This hypochromic effect can be rationalised by considering
the increase in size of 2. The excitation to the 3Bu state is assigned to a p®s* excitation
(12.10 eV; f 0.0855; HOMO-1®LUMO+2), which has the largest coefficient in the CI
vector (c2: HOMO-1®LUMO+2: 0.47; HOMO®LUMO+3: 0.38). The electron
redistribution upon excitation to the 3Bu excited state indicates that the electron
population on the carbon-carbon double bonds decreases while that on the hydrogen
atoms H(13) to H(16) and H(21) to H(24) increases (Figure 3, Table 11).
Table 10 The four lowest state energies of each symmetry of 4, transition energies,
oscillator strengths and polarisation.a
State
symmetry
Energy (Hartree) Transition
energy (eV)
Oscillator
strength (f)
Polarisationa
1Ag -466.073989
2Ag -465.709065 9.93 0.0000
3Ag -465.676952 10.80 0.0000
4Ag -465.627426 12.15 0.0000
1Au -465.644143 11.70 0.0002 ^
2Au -465.617664 12.42 0.0590 ^
3Au -465.577974 13.50 0.0005 ^
4Au -465.522690 15.00 0.0239 ^
1Bu -465.712667 9.83 1.6150 ||
2Bu -465.666572 11.09 0.7306 ||
3Bu -465.629417 12.10 0.0855 || (42º ^^ )
4Bu -465.588186 13.22 0.0397 || (9º ^^ )
1Bg -465.640139 11.81 0.0000
2Bg -465.581173 13.41 0.0000
3Bg -465.559887 13.99 0.0000
4Bg -465.532518 14.73 0.0000
aNotation; ||: polarised parallel to the double bond; ^: polarised perpendicular to the double bond in
plane with the carbon atoms C(1), C(3), C(10) and C(11), C(2), C(4), C(9), C(12); ^^: polarised
perpendicular to the double bond and perpendicular to the planes occupied by the carbon atoms
C(1), C(3), C(10), C(11) and C(2), C(4), C(9), C(12), respectively (see Figure 3). Between
parentheses the angle (º) with the specified polarisation direction is denoted.
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For 4, excitation to the 4Bu state (p®s*; 13.22 eV; f 0.0397) leads to an increase
of the electron population on the outermost methyl groups, while it concomitantly
decreases on the olefinic carbon atoms (C(5) to C(8)). This transition also possesses multi-
reference character (c2: HOMO®LUMO+3: 0.45; HOMO-1®LUMO+2: 0.38). The 1Au
excited state is assigned to a s®p* transition (11.70 eV; f 0.0002; HOMO-2®LUMO).
The 2Au state is assigned to a p®s* transition (12.42 eV; f 0.0590; HOMO®LUMO+5);
upon excitation the electron population at the olefinic carbon atoms decreases, and that at
the equatorial hydrogen atoms H(25) to H(28) of the cyclohexane ring increases.
Thus from a comparison of the results obtained for 2 and 4, it can be concluded,
that the outermost cyclohexylidene rings in 2 do have an influence on the lowest lying
p®s* transitions; oscillator strengths in the case of 2 increase compared to that of 4
(1Ag®1Bu; 2: f 1.8993 and 4: f 1.6150).
Table 11 Mulliken population analysis [14] of the ground state and Mulliken population
differences of the excited states of 4.
Atom State
1Ag 1Au
a 2Au
a 1Bu
a 2Bu
a 3Bu
a 4Bu
a
C(1),C(2),C(3),C(4) 6.330 -0.039 -0.056 0.002 -0.027 -0.003 -0.014
C(5),C(6) 5.977 0.069 -0.073 -0.001 -0.055 -0.050 -0.065
C(7),C(8) 6.018 0.096 -0.121 -0.007 -0.045 -0.100 -0.126
C(9),C(10),C(11),C(12) 6.474 -0.039 -0.011 -0.004 -0.011 -0.045 -0.046
H(13),H(14),H(15),H(16)0.842 0.015 0.004 0.013 -0.009 0.071 0.053
H(17),H(18),H(19),H(20)0.836 -0.001 0.036 -0.013 0.043 -0.017 -0.015
H(21),H(22),H(23),H(24)0.842 0.007 -0.013 -0.003 0.019 0.044 0.047
H(25),H(26),H(27),H(28)0.838 -0.025 0.099 0.005 0.026 -0.007 0.025
H(29),H(30),H(31),H(32)0.840 0.000 0.039 0.003 0.009 0.037 0.045
aFor the excited states a positive number indicates an increase in electron population, while a
negative number corresponds to a decrease in electron population.
In summary, the 1Bu and 2Bu state of 2 and 4 are p®p* transitions. However, the
excitation energies for 4 are larger (2: 9.23 eV, 10.08 eV and 4: 9.83 eV, 11.09 eV). The
3Bu state of 2 (p®s* transition) corresponds to the 3Bu state of 4, but it possesses
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considerably less multi-reference character. Moreover, the excitation energy to the 3Bu
state of 2 is lower than that for 4 (2: 10.87 eV and 4: 12.10 eV). Notwithstanding, the
electron redistribution upon excitation to the 3Bu stat has the same characteristics, i.e. a
decrease in electron population on the olefinic carbon atoms concomitant with an increase
in electron population on the hydrogen atoms is found. In the case of 2 and4, hydr gen
atoms positioned in the outermost cyclohexylidene rings and the methyl groups,
respectively, are involved.
4. Conclusions
The lowest valence transitions for the oligo(cyclohexylidenes), 1,1’-
bicyclohexylidene (1) and 1,1’:4’,1”-tercyclohexylidene (2) w re assigned using ab initio
MRDCI calculations. In the case of 1, the MRDCI results were verified using Direct-CI
calculations; the most important configurations in the CI vector were identical for each
state.
For 1 three valence transitions were found possessing p®p* (1Bu; 9.47 eV, f
0.9401), s®p* (1Bg; 10.45 eV, f 0.0000) and p®s* (2Bu; 10.65 eV, f 0.1459) character,
respectively. In line with experiment, the p®p* and p®s* transitions are polarised along
the carbon-carbon double bond C(1)-C(2). A comparison with the results calculated for
tetramethylethene (3; p®p* (1B2; 9.71 eV, f 1.0870), p®s* (1B1; 9.86 eV, f 0.0337) and
s®p* (2B2; 10.68 eV, f 0.0042), respectively) shows that for 1 the second transition has
to be assigned to a s®p* transition, whereas for 3 the second transition corresponds to a
p®s* transition. This is a consequence of the lower second ionisation potential of 1 (IP2
10.89 eV) with respect to that of 3 (IP2 12.07 eV).
In the case of 2, two active p®p* transitions (1Bu; 9.23 eV, f 1.8993 and 2Bu;
10.08 eV, f: 0.1956) and three active p®s* transitions (3Bu; 10.87 eV, f 0.1340, 4Bu;
11.56 eV, f 0.1895 and 4Au; 12.18 eV, f 0.1832) were found. In addition, a p®s* (2Au;
11.45 eV, f <0.0001) and two s®p* (1Au; 10.24 eV, f 0.0004 and 3Au; 12.10 eV, f
0.0067) transitions are found which possesses very low oscillator strengths. For 1,4-
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diisopropylidene-cyclohexane (4) the corresponding transitions are hypsochromically
shifted.
According to Mulliken population analyses the p®s* transitions of
oligo(cyclohexylidenes) 1-2 possess charge transfer character; upon excitation electron
density shifts from the olefinic carbon atoms towards equato ial hydrogen atoms of the
cyclohexylidene rings.
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Abstract: The lowest valence transition energies of the first two homologues of the
oligo(cyclohexylidene) series, viz. 1,1’-bicyclohexylidene (1) and 1,1’:4’,1”-
tercyclohexylidene (2), are computed using Multi-Reference Perturbation Theory at
second (MR-MP2) and third order (MR-MP3). The results are compared to the previously
reported results using a non-selected Multi-Reference single-double CI (Direct-CI) and a
Selected Multi-Reference single-double CI (MRDCI) approach in order to obtain insight
in the applicability of the MRDCI approach for the prediction of absorption spectra of
large organic molecules.
The calculations on the lowest valence excited states of 1,1’-bicyclohexylidene
(1) show that MR-MP3 gives energies comparable to those of Direct-CI; for the transition
energies, MR-MP2 and MR-MP3 perform equally well. The calculations on the excited
states of 1,1’:4’,1”-tercyclohexylidene (2) reveal that the MR-MP2 methodology is not
reliable for the prediction of its transition energies, if the multi-reference character of the
excited states increases.
Although remarkable differences in the absolute transition energies are found, the
assignments of the lowest valence transitions of 1,1’-bicyclohexylidene (1) and 1,1’:4’,1”-
tercyclohexylidene (2) are similar at all levels of theory.
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1. Introduction
The UV absorption spectrum of the simplest representative in the
oligo(cyclohexylidene) series, viz. 1,1'-bicyclohexylidene (1, Scheme 1) has been studied
in detail [1-4]. In contrast to its analogue tetramethylethene, which possesses only one
band at 7.0 eV, that corresponds to the p®p* transition [5], for 1 in the vapour phase
(electron energy loss spectroscopy) as well as in solution (-pentane), two bands were
observed at 5.95 eV and 6.82 eV [1], and at 6.01 eV and 6.85 eV [2], respectively. In the
solid-state polarised UV spectrum of a single crystal the two bands were also discernible
at 5.95 eV and 6.32 eV [3]. This suggests that both bands of 1 are valence transitions,
since the intensity of Rydberg states will be diminished in solid-state and solution UV-
spectra. Similar results were obtained for a solid solution of 1 in stretched polyethylene
films [4]. Although the band at 5.95 eV was assigned to a p®p* transition, the assignment
of the second band was less straightforward. It was proposed to correspond to a
s(CH2)®s* excitation [1].
Scheme 1
To obtain an unambiguous assignment for the valence transitions of 1,
configuration selected Multi-Reference single-double CI (MRDCI) [6-9] calculations,
were performed [10,11]. In order to exclude undesired mixing in of Rydberg states, the 6-
31G basis set was chosen.
n
n=1: 1,1'-bicyclohexylidene (1)
n=2: 1,1':4',1"-tercyclohexylidene (2)
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The first excited state had to be assigned to a p®p* excitation (calc.: 9.47 eV),
while the second transition corresponds to a p®s* tr nsition (calc.: 10.65 eV). In line
with experiment [3,4], both transitions are calculated to be polarised parallel to the
carbon-carbon double bond. The inclusion of polarisation functions, using a 6-31G* basis
set, did not alter the results. Hence, the 6-31G basis set gave a qualitative correct
description of the lowest lying valence excited states of 1 [11].
However, the MRDCI program version currently in GAMESS-UK possesses
three drawbacks, especially upon extension of this methodology for the calculation of the
excited state energies and properties of larger molecules. Firstly, the number of electrons
that can be correlated is restricted to thirty, which can cause a serious error in the
transition energies. Secondly for larger molecules only limited CI expansions are possible
in a reasonable amount of time and disk space, thus, severely restricting the amount of
correlation allowed for. And lastly, all truncated CI approaches are not size-consistent.
This can influence the transition energies of the excited states of large molecules and this
error will increase concomitant with the increasing size of the system.
To test the influence of the configuration selection procedure and the effect of
neglect of electron correlation on the valence transition energies of 1, non-selected Multi-
Reference single-double CI (Direct-CI) [12] calculations were performed [10]. It was
shown that, upon correlating all valence electrons and with the inclusion of all generated
single and double excitations in the CI expansion, the transition energies were decreased
from 9.47 eV to 8.29 eV for the 1Ag®1Bu transition and from 10.65 eV to 9.55 eV for the
1Ag®2Bu transition, respectively. At both levels of theory, the CI vectors were similar,
indicating that a qualitative assignment of the lowest valence transitions can be made
using the above mentioned MRDCI approach.
To set up a framework for future calculations, in which the excited states of large
organic molecules, viz. in particular functionalised higher homologues of 1, will be the
subject of study, a comparison of the applicability of several methods is necessary. For
large systems Direct-CI calculations are not feasible, and alternatives like MRDCI or MR-
MP approaches may be used. In this study, we compare the MR-MP2 and MR-MP3
methods with previously reported MRDCI and Direct-CI results as well as available
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experimental data. The objective is to gain insight, which method gives results that are
accurate enough to explain the experimental results and still are computationally feasible
for our intended future work taking into account the recent developments of Direct
MRDCI methods [13-15]. Hence, we have chosen to verify our previously reported
MRDCI results for 1,1’-bicyclohexylidene (1) and 1,1’:4’,1”-tercyclohexylidene (2) [10]
with MR-MP calculations.
It should be emphasised that Direct-CI calculations on the next higher
homologue of 1, viz. 1,1’:4’,1”-tercyclohexylidene (2), cannot be done in a reasonable
amount of CPU time. The MRDCI calculations on 2 can be validated using the Multi-
Reference MP2 (MR-MP2) and Multi-Reference MP3 (MR-MP3) method [16-18]. A
special variant of the MR-MP2 method is the frequently used CASPT2 approach [19-21].
The advantage of the MR-MP methodology is that it is size-consistent [16,22]. Moreover,
the MR-MP method allows us to choose the same reference configurations as in the
MRDCI and Direct-CI calculations for a consistent comparison of the results.
In this chapter, we first give a short description of the methods used, and then the
results of the calculations on the excited state energies of 1 and 2 are presented.
2. Theory
In the MRDCI calculations, all single and double excitations are generated from
a set of reference functions. For every configuration, the effect on the total energy is
predicted and if it is larger than a preset threshold, the configuration is included in the CI
expansion [6-9]. In the Direct-CI procedure, no configuration selection takes place, so all
generated single and double excitations are included in the CI expansion [12].
Our Multi-Reference (MR) MP2/MP3 program is based on the early work of
Wolinsky and Pulay [17,18] and implemented in our Direct-CI program [12]. It employs
all single and double excitations generated from an internally contracted reference wave
function. Since it does not employ the density matrix techniques developed by Roos et al.
[20,21], it may be less efficient for a CASSCF reference function in CASPT2. It does,
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however, allow arbitrarily chosen reference wave functions and enables MR-MP3
calculations in a straightforward fashion.
The Hamiltonian is partitioned in the usual way into
VHH += 0 (1)
The Fock operator employed to construct the zeroth-order Hamiltonian 0H is
å=
rs
rsrsEfF ˆˆ (2)
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where the xyEˆ  are the unitary group generators. The zeroth-order Hamiltonian is defined
as
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where 0P  is the projection operator onto the ground state, ( )SjiP ,  is the projector onto the
singly excited states with i electrons excited out of the doubly occupied orbitals and j
electrons excited into the virtual orbitals, ( )DjiP ,  i  similar to ( )SjiP ,  but projects onto the
doubly excited states. This choice for the zeroth-order Hamiltonian ensures the size
extensivity of our results [22,23].
The MR-MP CI vectors are back transformed to the configuration state basis and
renormalised to unity. This ensures that the characterisation of the states calculated using
the MR-MP approach is consistent with the CI calculations.
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3. Computational details
For all calculations, the 6-31G basis set was used. All CI and MR-MP
calculations were performed at the RHF/6-31G geometry [10] and molecular orbitals
(MO’s). The MRDCI calculations were performed with the GAMESS-UK [24] package,
using the MRDCI approach of Buenker and Peyerimhoff [8,9]. The highest 10 occupied
MO’s and lowest 88 virtual MO’s were correlated in the MRDCI calculations, further
denoted as ‘MRD Space’. The Direct-CI calculations were performed with the ATMOL
[25] program package. In these calculations, only the 1s orbitals of the carbon atoms were
frozen, resulting in 34 occupied and 102 virtual MO’s. The MR-MP calculations were
performed with the ATMOL [25] program package. Two sets of calculations were
performed. The first set of calculations were performed in which the same orbitals were
correlated as in the MRDCI calculations (MRD Space), and an additional set of MR-MP
calculations were performed in which the same orbitals were correlated as in the Direct-CI
calculations.
Table 1 The chosen reference functions in the MR-MP calculations. Only the
configurations with c2 ³ 0.01 in the MRDCI wave function of the lowest state of
each symmetry are listed. For the Au state of 2, the contributions of the
reference functions for the 4Au state are listed. Single excitations from the
Hartree-Fock (HF) determinant are denoted by (s) and double excitations by
(d).
State
sym.
1,1’-bicyclohexylidene (1) c2 1,1’:4’,1”-tercyclohexylidene (2) c2
Ag HF 0.93 HF 0.93
(d) HOMO (bu)®LUMO (ag) 0.01
Bu (s) HOMO (bu)®LUMO (ag) 0.95 (s) HOMO (ag)®LUMO (bu) 0.83
(s) HOMO-1 (bu)®LUMO+1 (ag) 0.09
Au (s) HOMO (ag)®LUMO+6 (au) 0.10
(s) HOMO-1 (bu)®LUMO+8 (bg) 0.63
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Both the Direct-CI and the MRDCI results were corrected for size-consistency
errors by the Davidson method [26,27]. Note that the MRDCI results were not obtained by
energy extrapolation [28]. In the Direct-CI and MR-MP calculations, the same reference
configuration state functions were chosen. The reference set consisted of singly and
doubly excited configurations in the space of the five highest occupied and nine lowest
unoccupied MO’s. In Table 1, the most important reference configurations are shown.
Whereas in the MRDCI calculations on 1, 56 740 configuration state functions
(CSF’s) of Ag and 69 783 CSF’s of Bu symmetry were selected, in the Direct-CI
calculations, 6 015 806 CSF’s of Ag and 18 135 443 CSF’s of Bu symmetry were
considered. These numbers of CSF’s result in 1 741 540 of Ag and 1 930 392 contracted
states of Bu symmetry which were treated in the MR-MP calculations.
In the MRDCI calculations on 2ca.55 000 CSF's were selected, and in the MR-
MP calculations 8 349 394 contracted states of Ag symmetry, 7 766 858 contracted states
of Bu symmetry and 8 434 604 contracted states of Au symmetry were considered. In
Direct-CI calculations, using the same reference configurations, 108 001 918 CSF’s of Ag,
67 949 272 CSF’s of Bu and 69 107 646 CSF’s of Au symmetry have to be included in the
CI expansion, indicating that these calculations are currently computationally not
attractive.
To indicate the duration of these kind of calculations, typical timings for the
largest calculation on 1a d 2 are summarised in Table 2.
Table 2 Timings (in hours) for the largest calculations on 1,1’-bicyclohexylidene (1) and
1,1’:4’,1”-tercyclohexylidene (2) performed on the CRAY C90 supercomputer.
Method 1,1’-bicyclohexylidene (1)
1Bu state
1,1’:4’,1”-tercyclohexylidene (2)
1Ag state
MRDCI 0.6 0.7
Direct-CI 7.8 --a
MR-MP2 0.5 2.6
MR-MP3 2.2 12.8
aNot currently feasible.
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4. Results
4.1. The valence excited state energies of 1,1’-bicyclohexylidene (1)
In our previous MRDCI study [10], it was shown that only the 1Bu and 2Bu
excited states are of interest, since they correspond to the experimentally observed
transitions. In Table 3, the excitation energies are summarised, which were obtained using
the MRDCI, Direct-CI, MR-MP2 and MR-MP3 methodologies.
Table 3 The excitation energies towards the 1Bu and 2Bu states (in eV) of 1,1’-
bicyclohexylidene (1).a
State
symmetry
MRDCI Oscillator
strength (f)b
Direct-CIc MR-MP2d MR-MP3d Exp. [1]
1Bu
MRD Space
9.47 0.9401 8.29 {8.56} 7.14
(8.53)
8.01
(8.65)
5.95
2Bu
MRD Space
10.65 0.1459 9.55 {9.89} 8.19
(10.58)
9.10
(10.21)
6.82
aGround state total energies: MRDCI: -466.01168043 a.u.; Direct-CI: -466.94920140 a.u.; MR-
MP2: -466.96005147 a.u.; MR-MP3: -467.04625575 a.u. bOscillator strengths (f) were calculated
using the MRDCI wave functions. cSize-consistency uncorrected Direct-CI results are between
braces. dThe excitation energies calculated using the MRD Space are between parentheses.
A comparison of the transition energies calculated at the MRDCI and those at the
MR-MP3 level of theory using the MRD Space reveals that for the 1Bu state the transition
energy decreases by ca. 0.8 eV upon going to the MR-MP3 level of theory, while for the
2Bu state, the transition energy decreases only by ca. 0.4 eV (Table 3). Since the same
number of electrons is correlated, this difference is mainly due to the fact that the MR-
MP3 methodology employs no configuration selection. Upon correlating all valence
electrons, the MR-MP3 excitation energy towards the 1Bu state further decreases by ca.
0.6 eV, whereas for the 2Bu state the excitation energy decreases by c . 1.1 eV. In going
from the MRDCI to the MR-MP calculations the transition energies for both excitations
decrease by ca.1.5 eV (Table 3). These results indicate that for a proper description of the
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2Bu state, the lower lying MO’s should be correlated. The configuration selection
procedure produces only a small error. However, for the 1Bu state, electron correlation of
the lower lying MO’s is less important. This leads to the conclusion that for a proper
description of the valence transitions, in which s MO’s are involved, the restricted
number of electrons correlated can cause a large error in the transition energies.
The for size-consistency uncorrected excitation energies calculated at the Direct-
CI level of theory, are ca. 0.7 eV higher than the size-consistent MR-MP3 values. By
applying the Davidson correction, the Direct-CI results are still approximately 0.4 eV
higher than the excitation energies calculated at the MR-MP3 level of theory (Table 3).
However, an inspection of the size-consistency corrected as well as the uncorrected
Direct-CI results reveals that the size-consistency errors are practically constant, and small
(0.3 eV) compared to the deviation of the calculated transition energies with the
experimental values.
Whereas the transition energies calculated at the MR-MP2 level of theory are
considerably lower than those at the other levels of theory, the excitation energies
obtained at the MR-MP3 level are close to the Direct-CI results. This is in agreement with
Werner’s study, which shows that the MR-MP3 methodology is effective in
approximating the Direct-CI results [29].
The assignment of the excitations is not influenced by the shifts in transition
energies. The 1Bu state corresponds to the HOMO®LUMO excitation (p®p*) according
to the CI vectors at all levels of theory in which this configuration has the largest
contribution in the CI vector ( 0.66c 0.78;c 0.92;c 2 MP-MR
2
SDCI-MR
2
MRDCI === ). The CI
vector of the 2Bu state is at all three levels of theory dominated by the HOMO®LUMO+1
(p®s*) excitation ( 64.0c ;77.0c ;87.0c 2 MP-MR
2
SDCI-MR
2
MRDCI === ).
The total energy of the ground state decreases more than the total energies of
both excited states upon going from the MR-MP2 to the MR-MP3 level of theory, leading
to a concomitant increase of the excitation energies (Table 3). Notwithstanding, the
difference between the first and second Bu excited states (exp. 0.87 eV) is for all methods
in the same range, viz. 1.18 (MRDCI), 1.26 (Direct-CI), 1.05 (MR-MP2) and 1.09 eV
(MR-MP3). This indicates that, although the absolute transition energies differ, at all
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levels of theory the lowest valence excited states of 1 are described in an equivalent
manner relative to each other using the 6-31G basis set.
4.2. The valence excited state energies of 1,1’:4’,1”-tercyclohexylidene (2)
According to symmetry, for 2 only the Bu and Au excited states have a non-zero
oscillator strength. In the earlier MRDCI study [10], it was concluded that the lowest
valence transitions of 2 are of Bu symmetry. Therefore, these states were studied using the
MR-MP methodology (Table 4).
The transition energies for the 1Bu and 2Bu excited states decrease by ca. 0.7 eV
in going from the MRDCI level to the MR-MP3 level of theory using the MRD Space
(Table 4). The excitation energy of the 1Ag®3Bu transition is nearly equal at both levels
of theory. These results, together with the results obtained for 1, co firm that for the
description of the valence excitations in which s MO’s are involved, the low lying s
MO’s should be correlated.
The 1Bu and 2Bu states were both assigned at the MRDCI level of theory [10] o
p®p* transitions, viz. the HOMO®LUMO and the HOMO-1®LUMO+1 transitions,
respectively. The 3Bu state was assigned to a p®s* transition (HOMO®LUMO+2) and
the 4Bu state to a HOMO®LUMO+9 excitation. At the MR-MP level of theory, the
assignments of the two lowest (1Bu; HOMO®LUMO [ 45.0c ;83.0c 2 MP-MR
2
MRDCI == ]
and 2Bu; HOMO-1®LUMO+1 [ 37.0c ;75.0c 2 MP-MR
2
MRDCI == ]) transitions are similar.
However, the higher excited Bu states have more multi-reference character at the MR-MP
level of theory. In the MRDCI calculations for the 3Bu state, c
2 for the
HOMO®LUMO+2 excitation equals 0.66, while at the MR-MP level the c2 for is
configuration is only 0.28. In the CI vector of the 4Bu excited state, the main configuration
is the HOMO®LUMO+9 excitation with 0.31c and 0.82c 2 MP-MR
2
MRDCI == .
The increase of multi-reference character, i.e. th  decrease of c2 in the excited
state CI vectors at the MR-MP level, is a consequence of the increase in the number of
states considered in the MR-MP calculations. Since the CI vectors at the MRDCI and
MR-MP level are similar, the trend in the oscillator strengths calculated at the MRDCI
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level has to be correct. Therefore, since the transition to the 4Au excited state is the only
one of the Au states which has a non-zero oscillator strength, this transition energy was
also recalculated using the MR-MP methodologies. The assignment (HOMO-
1®LUMO+8 0.63c2MRDCI =  and 0.38c
2
MP-MR = ) of the 4Au state is at the MR-MP level
in line with the previous assignment at the MRDCI level of theory [10].
Table 4 The excitation energies for the Bu and 4Au states (in eV) of 1,1’:4’,1”-
tercyclohexylidene (2).a
Excited State
symmetry
MRDCI Oscillator
strength (f)b
MR-MP2c MR-MP3c Exp.d [30]
1Bu
MRD Space
9.23 1.8993 6.77
(8.44)
7.83
(8.60)
6.02
2Bu
MRD Space
10.08 0.1956 7.05
(9.22)
8.52
(9.39)
6.78
3Bu
MRD Space
10.87 0.1340 8.74
(10.65)
9.69
(10.67)
4Bu
MRD Space
11.56 0.1895 9.00
(10.81)
9.77
(10.70)
4Au
MRD Space
12.18 0.1832 9.73
(11.86)
10.42
(11.42)
aGround state total energies: MRDCI: -697.73959400 a.u.; MR-MP2: -699.26482217 a.u.; MR-
MP3: -699.38604538 a.u. bOscillator strengths (f) were calculated using the MRDCI wave
functions. cThe excitation energies calculated using the MRD Space are between parentheses.
dSolution UV-spectral data (solvent: n-pentane).
The UV spectrum of 2 in solution (solvent n-pentane) consists of two broad
absorption bands, centred at 6.02 and 6.78 eV [30]. Th  calculated transition energies at
the MR-MP level are 6.77 eV (MR-MP2) and 7.83 eV (MR-MP3), for the 1Bu state and
7.05 eV (MR-MP2) and 8.52 eV (MR-MP3) for the 2Bu state, respectively. These
transition energies are considerably lower than the MRDCI (9.23 eV and 10.08 eV) results
(Table 4). The MR-MP2 excitation energies for the first and second excited states are
close to the experimental values. However, at the MR-MP3 level of theory, all excitation
energies are again higher in energy than the corresponding MR-MP2 values.
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The MR-MP2 ground state energy decreases by 0.12 a.u. upon going to the MR-
MP3 level of theory (Table 4), while the total energies of the 1Bu and 2Bu states decrease
by 0.08 and 0.07 a.u., respectively. This leads to an increase of the transition energies to
the lowest excited Bu states. The trends found for 1, viz. the MR-MP2 excitation energies
are lower than the MR-MP3 excitation energies, and consequently, closer to the
experimental values (Table 3), are also observed for 2.
The energy difference between the first and second transition is experimentally
0.76 eV. The total state energy difference between the 1Bu and 2Bu excited states at the
MRDCI (0.85 eV) and MR-MP3 (0.69 eV) levels are in line with the experimental value.
However, the difference in state energy of the 1Bu and 2Bu excited states at the MR-MP2
level of theory is much lower (0.28 eV) than the experimental value of 0.76 eV. In
contrast to 1, where all methodologies gave comparable results, a considerable difference
is found in the case of 2 using the MR-MP2 approach. The observation that the relative
positioning of the excited state energies is qualitatively wrong at the MR-MP2 level of
theory for 2 can be rationalised by the fact that the excited states of 2 posses more multi-
reference character than the excited states of 1, nd c nsequently 0H is worse and the
perturbation is larger for 2. In general, perturbation theory at the second order then
overestimates the correlation energy, resulting in transition energies, which are too low.
Perturbation theory at third order compensates for this effect, so the transition energies are
increased upon going to third order perturbation theory [31].
We have shown that for large molecules, where concomitantly the multi-
reference character of the excited states is increased, MR-MP2 theory gave a qualitatively
wrong description of the excited state energies. Despite the deviation of the absolute
transition energies with the experimental ones, the relative energy of the second excitation
energy with respect to the first excited state, calculated using the MRDCI and MR-MP3
methods are in accordance with available experimental results. Moreover, as the
calculated direction of polarisation of the first two lowest valence transitions of 1 are in
line with the experimental data, the assignment of these two absorptions is correct.
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Therefore, the MRDCI and MR-MP3 methods correctly describe the lowest valence
transitions of the oligo(cyclohexylidenes) 1 a d 2, using the modest 6-31G basis set.
5. Conclusions
The lowest valence excited states of 1,1’-bicyclohexylidene (1) an  1,1’:4’,1”-
tercyclohexylidene (2) were calculated at the MR-MP2 and MR-MP3 level of theory. The
results of these calculations for 1 and 2 were compared to earlier MRDCI and in the case
of 1 also to Direct-CI calculations. For 1, all methods predict the UV absorption spectrum
equivalently, i.e. the difference of the excited state energies are in the same range, and in
line with the experimental data, although the absolute transition energies are too high.
Although the MR-MP2 method gets closest to the experimental values for 1, the
difference between the first and second excited state energies for 2 is significantly lower
than the experimental value. The relative excitation energies calculated with the MRDCI
and MR-MP3 method are in line with the experimental data. It can therefore be concluded
that the MR-MP2 method erroneously describes the lowest valence transitions at least in
the oligo(cyclohexylidene) series. The application of the MRDCI method for the
calculation of the excited states of 1 and 2 is justified despite the lack of electron
correlation by freezing too many orbitals. This is especially promising taking into
consideration the newly developed MRDCI codes [13-15], which will be more effective
and which can be used for handling even larger molecules.
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Abstract: Conformational effects on the ground state and excited state properties of 1,1’-
bicyclohexylidene (1) were studied using ab initio methods. The total energy difference
between the two conformers anti- (anti-1a, C2h symmetry) and syn-1,1’-bicyclohexylidene
(syn-1b, C2v symmetry), was determined at the RHF/6-31G, MP2/6-31G//RHF/6-31G,
RHF/6-311G**//RHF/6-31G and MP2/6-311G**//RHF/6-31G levels of theory. Syn-1b
was found to be only slightly lower in energy by 0.051 kcal/mol then anti-1a a  the
MP2/6-311G**//RHF/6-31G level of theory.
The valence transitions of yn-1b were calculated using the MRDCI method
using its 6-31G geometry and molecular orbitals. In contrast to the predicted UV data of
anti-1a for which two absorptions are found at ca. 6.0 eV (p®p* transition, exp. 6.01 eV)
and ca. 7.2 eV (p®s* transition, exp. 6.85 eV), for syn-1b only one absorption, viz. a
p®p* transition at ca. 6.0 eV, will be discernible. The next higher transition of syn-1b
with appropriate oscillator strength (f) is positioned at ca. 7.8 eV (p®s* transition).
Inclusion of polarisation functions on the carbon atoms in the MRDCI calculations (6-
31G* basis set) does not significantly affect the calculated transition energies, oscillator
strengths (f) and CI vectors for both anti-1a and syn-1b.
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1. Introduction
The UV absorption spectrum of 1,1’-bicyclohexylidene (1) has received
considerable attention. In contrast to its simple analogue tetramethylethene (2), the
spectrum of 1 contains two distinct absorption bands [1] i stead of only one absorption
band found for 2 [2]. Both bands were also observed in the single crystal UV spectrum
(5.95 eV and 6.32 eV [3], respectively) and in stretched polyethylene films (5.98 eV and
6.72 eV [4], respectively), and were found to be polarised along the carbon-carbon double
bond. Also in solution (n-pentane) the UV spectrum of 1 c ntains two distinct bands
centred at 6.01 eV and 6.85 eV [1]. These results strongly suggest that both transitions
have to be assigned to valence transitions. It should be stipulated, however, that in the
solid-state 1 is only present in its anti conformer (anti-1a) [5], which, due to packing
effects, does not possess C2h symmetry but only Ci symmetry. We recently performed ab
initio MRDCI [6,7] calculations to obtain an unambiguous assignment of the lowest
valence transitions of anti-1a [8,9]. The results revealed that the first transition of anti-1a
has to be assigned to a p®p* transition (HOMO®LUMO, c2 0.92), whereas the second
transition possesses charge-transfer character (p®s* transition, HOMO®LUMO+1, c2
0.87). In line with the single crystal UV spectroscopy and stretched polyethylene films
data [3,4] both transitions were calculated to be polarised perfectly along the carbon-
carbon double bond. Thus, the calculations give a satisfactory explanation of the
experimentally observed transitions in the solid-state. However, it should be stipulated
that Frank-Condon excitation is a fast process (ca. 10-16-10-14 s) [10]. Hence, if in solution
bicyclohexylidene (1) is conformationally mobile an equilibrium mixture of conformers
will be present. Indeed, 1H-NMR spectroscopy (solvent CDCl3, 300 K) of 1 provides
compelling evidence for the occurrence of conformational isomerism; no distinct
resonances for the related equatorial and axial hydrogen atoms of the cyclohexyl-like
rings of 1 are found, i.e. they are isochronous [11,12]. These observations are rationalised
by invoking rapid ring interconversions between anti- (anti-1a; C2h symmetry) and syn-
1,1’-bicyclohexylidene (syn-1b; C2v symmetry) on the NMR timescale (Scheme 1). Syn-
anti isomerism has been unequivocally established for a derivative of 1, v z. 4,4’-di-tert-
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butyl-bicyclohexylidene. Both the anti- and syn-conformer are conformationally frozen
[12] and can be isolated separately [13]. An estimate of their energy difference was
obtained from equilibration experiments (conditions: benzene, I2 and 303 K); an
equilibrium mixture with an anti/syn ratio 0.83/0.17 (DG=-RTlnK=0.95 kcal/mol) was
found [12]. Hence, in contrast to the solid-state UV spectrum of 1 to which only anti-1a
contributes [3,4], its solution UV spectrum will be dependent on the concentration and the
absorptive properties of the distinct conformers anti-1a (C2h symmetry) and syn-1b (C2v
symmetry) present in the equilibrium mixture.
Scheme 1 Equilibrium of anti- (anti-1a) and syn-1,1’-bicyclohexylidene (syn-1b).
In this chapter this issue is addressed. Firstly, the relative stabilities of anti-1a
and syn-1b were studied at different ab initio levels of theory. It is shown that anti-1a and
syn-1b possess nearly identical total energies. This indicates that also in solution an
anti/syn ratio close to 0.50/0.50 will be present. Secondly, the valence transitions and
oscillator strengths (f) of syn-1b were calculated at the MRDCI level of theory using its
RHF/6-31G geometry and molecular orbitals (MO’s); the results are compared with those
previously calculated for anti-1a [8,9]. It is shown that the UV absorptive properties of
anti-1a and syn-1b differ markedly. The effect of inclusion of polarisation functions on
the carbon atoms (6-31G* basis set) on the MRDCI results was studied for both anti-1a
and syn-1b.
anti-1a syn-1b
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2. Computational details
All calculations were run on a Silicon Graphics Power Challenge computer using
the quantum chemical program GAMESS-UK [14,15]. The geometries of both an i-1a
(C2h symmetry) and syn-1b (C2v symmetry) were optimised at the RHF/6-31G level and
characterised as local minima by a Hessian calculation (Figures 1a and 1b). MP2 single
point calculations were performed at the RHF/6-31G geometries of anti-1a and syn-1b.
To assess basis set effects on the energy difference of anti-1a and syn-1b, SCF and MP2
single point calculations were done with the 6-311G** basis set.
MRDCI [6,7] calculations were performed at the RHF/6-31G geometry and
MO’s. The 6-31G basis set, which does not contain polarisation functions, was used to
circumvent the inclusion of Rydberg character into the transitions. Transition energies and
oscillator strengths (f) were calculated for the four lowest states of each symmetry [9].
The active CI space for anti-1a and syn-1b consists of 10 occupied MO’s (20 electrons)
and 88 virtual MO’s. Configuration selection [16] f r syn-1b resulted in the inclusion of
68135 CSF’s of A1, 65146 CSF’s of B1, 68749 CSF’s of B2, and 60905 CSF’s of A2
symmetry. MRDCI energies were corrected for size-consistency errors by the Davidson
method [17], extended for multi-reference CI-expansions [7]. To assess the effect of
polarisation functions on the calculated transition energies and oscillator strengths (f),
MRDCI calculations with a 6-31G* basis set were done for the four lowest valence
transitions of anti-1a (with Ag, Bu and Bg symmetry) and syn-1b (with A1, B1 and B2
symmetry) at their RHF/6-31G geometries. The active CI space for anti-1  and syn-1b
consists of 10 occupied MO’s (20 electrons) and 138 virtual MO’s. The configuration
selection procedure for anti-1a resulted in the inclusion of 65323 CSF’s of Ag, 76813
CSF’s of Bu and 73286 CSF’s of Bg symmetry. In the case of yn-1b, 77660 CSF’s of A1,
72684 CSF’s of B1 and 78350 CSF’s of B2 symmetry were selected. Ground state and
excited state electron distributions were calculated by a Mulliken population analysis [18].
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Figure 1a RHF/6-31G geometry of anti-1,1’-bicyclohexylidene (anti-1a).
Figure 1b RHF/6-31G geometry of syn-1,1’-bicyclohexylidene (syn-1b).
3. Results
3.1. The ground state properties of anti- (anti-1a) and syn-1,1’-bicyclohexylidene (syn-1b)
Since 1 crystallises in its anti-conformer (anti-1a) [5], no single X-ray crystal
data are available for syn-1,1’-bicyclohexylidene (syn-1b). However, the single X-ray
crystal structure of syn-4,4’-di-tert-butyl-bicyclohexylidene has been reported [19]. The
tert-butyl substituents are displaced due to packing effects leading to a symmetry
reduction from C2v to C1 in the solid-state. In Table 1, selected RHF/6-31G structural
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features of syn-1b are presented and compared with those of syn-4,4’-di-tert-butyl-
bicyclohexylidene; satisfactory agreement is found.
To obtain an estimate of the total energy difference between anti-1a and syn-1b,
ab initio calculations at various levels of theory were performed (Table 2). The results
show that anti-1a and syn-1b possess similar total energies. As expected, the RHF/6-31G
zero point energy for both conformers are nearly identical (anti-1a 201.159 kcal/mol vs.
syn-1b 201.156 kcal/mol). Hence, the total energy difference (DEtot=Eanti - Esyn) calculated
at various levels of theory, which are not corrected for zero point motion, will be
reasonable estimates of the energy difference between the conformers. At the highest level
of theory, syn-1b is 0.051 kcal/mol more stable than an i-1a, which suggests the presence
of an equilibrium mixture consisting of 48% anti-1a and 52% syn-1b upon application of
DEtot(=Eanti - Esyn)=DG=-RTlnK with T=300 K (Table 2).
Table 1 Selected single crystal X-ray crystal structural data of syn-4,4’-di-tert-butyl-
bicyclohexylidene [19] and RHF/6-31G structural data of syn-1,1’-
bicyclohexylidene (syn-1b; bond lengths in Å, valence angles in °).a
Structural parameter Single crystal X-ray data [19] RHF/6-31G
syn-1b
C(1)-C(2) 1.339 1.337
C(2)-C(3) 1.507 1.520
C(3)-C(7) 1.524 1.541
C(7)-C(11) 1.527 1.533
C(1)-C(2)-C(3) 124.4 124.9
C(2)-C(3)-C(7) 113.1 111.3
C(3)-C(7)-C(11) 112.5 111.5
C(7)-C(11)-C(9) 107.6 111.1
aAs a consequence of packing effects syn-4,4’-di-tert-butyl-bicyclohexylidene possesses C1 instead
of C2v symmetry in the solid-state [19].
It is noteworthy that the energy difference between the anti andsyn conformer of
4,4’-di-tert-butyl-bicyclohexylidene estimated from equilibration experiments [ratio
anti/syn 0.83/0.17 (DG=0.95 kcal/mol, vide supra)] has been rationalised by invoking
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non-bonded repulsive interactions between the axial hydrogen atoms [H(21)-H(22)] in the
syn isomer (Figure 1b) [12].
Table 2 Total energy difference between anti-1a and syn-1b at various levels of theory.
Method anti-1aa syn-1ba DEtot
(kcal/mol)b
Ratioc
anti/syn
RHF/6-31G -465.87503441 -465.87504989  0.010 0.50/0.50
MP2/6-31G//RHF/6-31G -466.97540077 -466.97556543  0.103 0.46/0.54
RHF/6-311G**//RHF/6-31G-466.17089416 -466.17085765 -0.023 0.51/0.49
MP2/6-311G**//RHF/6-31G-468.19547660 -468.19555785  0.051 0.48/0.52
aIn Hartree (1 Hartree=627.5 kcal/mol). b1 cal=4.184 J. cRatio anti/syn calculated using DEtot(=Eanti -
Esyn)=DG=-RTlnK with T=300 K.
Since the structure of the bicyclohexylidene unit of the a ti and syn conformers
of 4,4’-di-tert-butyl-bicyclohexylidene, respectively, are similar to those calculated for
anti-1a and syn-1b and the latter two possess nearly identical total energies, the proposed
repulsive interactions cannot be responsible for their observed energy difference (see also
Chapter 10).
3.2. Vertical valence transitions of syn-1,1’-bicyclohexylidene (syn-1b)
In Table 3 the MRDCI vertical valence transitions of syn-1,1’-bicyclohexylidene
(syn-1b) are compiled and compared to those reported for anti-1a [8,9]. According to the
results of Direct-CI calculations on the lowest valence transitions of anti-1a [9], the total
deviation of ca. 3.5 eV from the experimental data (p®p* transition; exp. 6.01 eV [1] vs.
calc. Direct-CI 8.29 eV [9] and MRDCI 9.47 eV) can be separated into an error of ca. 2.3
eV due to the use of the 6-31G basis set and an error of ca. 1.2 eV due to the applied
MRDCI frozen core approximation and configuration selection procedure. In the case of
anti-1a, both the MRDCI as well as the Direct-CI method showed that the main
configurations in the corresponding CI vectors are identical. Hence, we are confident that
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the MRDCI method will provide reliable estimates for the transition energies, polarisation
directions and CI vectors for the lowest valence transitions of syn-1b (vide infra).
The first transition of syn-1b has to be assigned to a p®p* transition (9.46 eV;
1B2 symmetry, f 1.0185, HOMO®LUMO and c2 0.93) and is similar to the first transition
of anti-1a (9.47 eV; 1Bu symmetry, f 0.9401, HOMO®LUMO and c2 0.92). For both
compounds, the p®p* transition is perfectly polarised along the carbon-carbon double
bond.
In the case ofsyn-1b, however, the higher valence transitions differ markedly
from those calculated for anti-1a. For syn-1b, the s®p* and p®s* transitions are
interchanged with respect to those of anti-1a (anti-1a: s®p*; 10.45 eV, 1Bg symmetry, f
0.0000, HOMO-1®LUMO and c2 0.84, and p®s*; 10.65 eV, 2Bu symmetry, f 0.1459,
HOMO®LUMO+1 and c2 0.87, and syn-1b: p®s*; 10.42 eV, 2A1 symmetry, f <0.0001,
HOMO®LUMO+1 and c2 0.86, and s®p*; 10.53 eV, 1B1 symmetry, f 0.0043, HOMO-
1®LUMO and c2 0.86). Furthermore, the oscillator strength (f) of thep®s* transition of
syn-1b is decreased significantly compared to that of an i-1a. In addition, the direction of
polarisation is changed from parallel along the carbon-carbon double bond for anti-1a to
perpendicular to the carbon-carbon double bond as well as perpendicular to the plane
defined by the carbon atoms C(1), C(2) and C(3) in the case of syn-1b (Table 3).
It should be stipulated that the absolute values of the calculated oscillator
strengths (f) are not expected to be in agreement with experimental data, since only a 6-
31G basis set was used in our calculations. However, they can be used for a qualitative
assignment.
It is noteworthy that inclusion of polarisation functions on the carbon atoms in
the MRDCI calculations (6-31G* basis set) does not significantly affect the transition
energies, oscillator strengths (f) and the CI vectors for both anti-1a and syn-1b (Table 3).
Clearly for an improved match between the theoretical and available experimental data,
extended basis sets and larger active CI spaces are a prerequisite. However, for 1 these
calculations are currently computationally not feasible. Nonetheless, our current MRDCI
results demonstrate that the valence transitions of anti-1a and syn-1b will be markedly
different.
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Table 3 The ground state and lowest excited states of nti-1,1’-bicyclohexylidene (anti-
1a) and syn-1,1’-bicyclohexylidene (syn-1b); transition energies (eV), oscillator
strengths (f), polarisation and state symmetry.a,b
anti-1,1’-bicyclohexylidene (anti-1a) syn-1,1’-bicyclohexylidene (syn-1b)
Transition
Energya,b
f Polaris-
ationc
State
sym.
Transition
Energya,b
f Polaris-
ationc
State
sym.
9.47
(9.46)
0.9401
(0.9855)
|| 1Bu 9.46
(9.41)
1.0185
(1.0198)
|| 1B2
10.45
(10.66)
0.0000
(0.0000)
1Bg 10.42
(10.69)
<0.0001
(<0.0001)
^^ 2A1
10.65
(10.88)
0.1459
(0.0847)
|| 2Bu 10.53
(10.73)
0.0043
(0.0047)
^ 1B1
11.61
(11.92)
0.0000
(0.0000)
2Bg 11.28
(11.54)
0.0988
(0.0849)
^^ 3A1
11.65
(11.91)
0.1361
(0.1110)
^^ 3Bu 11.93
(12.07)
<0.0001
(0.0012)
|| 2B2
11.72 0.0000 2Ag 11.97 0.0109 ^ 2B1
11.93 0.0000 3Ag 11.97 0.0619 || 3B2
11.99 0.0000 4Ag 11.99 0.0011 ^ 3B1
12.05 0.1139 ^ 1Au 12.01 0.0064 ^^ 4A1
12.39 0.0513 || 4Bu 12.58 0.0000 1A2
12.48 0.0140 ^ 2Au 12.78 0.0063 || 4B2
aGround state energies of anti-1a: -466.01168043 a.u. and of syn-1b: -466.01241345 a.u. bN mbers
between parentheses are calculated using a 6-31G* basis set. cNotation; ||: polarised parallel to the
double bond; ^: polarised perpendicular to the double bond in plane with the carbon atoms C(3) to
C(6); ^ ^: polarised perpendicular to the double bond and perpendicular to the plane occupied by the
carbon atoms C(3) to C(6) (see Figure 1).
4. Discussion
Taking into account an average error of ca. 3.5 eV for the calculated transition
energies (vide supra) [9], our results suggest that for nti-1a two valence transitions will
be observed at ca. 6.0 eV (p®p*, 1Ag®1Bu) and ca. 7.2 eV (p®s*, 1Ag®2Bu) in
reasonable agreement with experiment [1,3,4]. Since with standard solution UV
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spectroscopy only valence transitions with energies below ca. 7.3 V (l >170 nm) can be
measured, for syn-1b only one discernible valence transition is predicted at ca. 6.0 eV
(p®p*, 1A1®1B2). The second transition with enough oscillator strength (f) will be
observed at ca. 7.8 eV (p®s*, 1A1®3A1), which, however, cannot be measured under
ordinary conditions. Furthermore, the latter transition is not polarised along the carbon-
carbon double bond, but both perpendicular to the carbon-carbon double bond and the
plane defined by the carbon atoms C(1), C(2) and C(3) [Table 3].
The differences found between anti-1a and syn-1b can be rationalised by the
change of molecular point group and the concomitant changes in their relevant MO’s
(Figure 2) [20]. A small effect of the change in geometry from the C2h to 2v point
group is discernible for the occupied MO's and on the LUMO of anti-1a andsyn-1b. For
example, the topology of the occupied MO’s is changed, i.e. the HOMO-4 and HOMO-3,
are interchanged. This, however, will have minor effects on the lowest transition energies,
since configurations with excitations from these MO’s to virtual MO’s only possess a
small contribution in the CI vector. However, the LUMO+1 and higher relevant virtual
MO's of anti-1a and syn-1b are much more affected (Figure 2). The LUMO+1 of syn-1b
is 0.45 eV lower in energy than of anti-1a and possesses different character. In the C2h
pointgroup, the LUMO+1 of anti-1a contains some p* character, whereas in the case of
syn-1b this is impossible due to its C2v symmetry. It is expected that due to this smaller
spatial extension the oscillator strength (f) of the first p®s* transition
(HOMO®LUMO+1) is decreased for syn-1b (Table 3: anti-1a, 1Ag®2Bu, f 0.1459 and
syn-1b, 1A1®2A1, f <0.0001). In tetramethylethene (2, D2 symmetry), the order of
excitations is the same as for syn-1b, viz. the first, second and third excitations are
assigned to a p®p*, a p®s* and a s®p* transition, respectively, while for anti-1a the
second and third transitions are interchanged [8,9]. The lowering of the p®s* transition
energy of syn-1b with respect of that of anti-1a is rationalised by the changes in the
LUMO+1 topology and energy (DE 0.45 eV). It is noteworthy that in comparison with the
6-31G results also with the 6-31G* basis set the HOMO-4 up to the HOMO and,
especially, the LUMO up to the LUMO+4 possess identical symmetries (Figure 2).
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The electron redistribution upon excitation is also influenced for syn-1b. As
expected for the p®p* transition (1A1®1B2), no significant electron redistribution occurs
(Table 4); the same result was found for anti-1a. For anti-1a, the p®s* transition
(1Ag®2Bu) has charge-transfer character, i.e. lectron redistribution occurs from the
olefinic carbon atoms [C(1) and C(2)] towards the equatorial hydrogen atoms [H(17) to
H(20)] [9]. Upon excitation of syn-1b from the 1A1 ground state to the 2B1 excited state
(p®s* transition, f 0.0109) a similar electron redistribution occurs. In contrast, the lowest
lying discernible p®s* transition of syn-1b (1A1®3A1 excitation), which possesses
oscillator strength (f 0.0988), also has charge-transfer character, but from the olefinic
carbon atoms [C(1) and C(2)] towards the axial ydrogen atoms H(13) to H(16) and
H(21) to H(24) [see Figure 1].
Table 4 Mulliken population analysis [18] of the ground state (1A1) and Mulliken
population differences of excited states 1B2, 3A1, 2B1 and 3B2 of syn-1,1’-
bicyclohexylidene (syn-1b).
syn-1b State
Atom 1A1 1B2
a 3A1
a 2B1
a 3B2
a
C(1),C(2) 5.99 -0.04 -0.24 -0.25 -0.17
C(3),C(4),C(5),C(6) 6.34 0.00 -0.01 0.03 0.01
C(7),C(8),C(9),C(10) 6.29 -0.02 -0.04 -0.03 -0.06
C(11),C(12) 6.30 -0.02 -0.01 0.04 -0.04
H(13),H(14),H(15),H(16) 0.84 0.02 0.08 -0.01 -0.01
H(17),H(18),H(19),H(20) 0.84 0.00 -0.01 0.12 0.01
H(21),H(22),H(23),H(24) 0.85 0.00 0.08 0.02 0.05
H(25),H(26),H(27),H(28) 0.85 0.02 -0.01 -0.01 0.03
H(29),H(30) 0.85 0.02 0.04 -0.00 0.03
H(31),H(32) 0.85 -0.01 -0.01 -0.01 0.13
aA positive number corresponds to an increase in electron population, while a negative number
corresponds to a decrease in electron population.
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anti-1a
Figure 2 6-31G MO contour plots (generated with Molden [20]) of the HOMO-4 to
LUMO+4 of anti-1a and syn-1b with their energies and symmetries,
respectively. Between parentheses 6-31G* MO energies are reported.
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syn-1b
Figure 2 Continued
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5. Conclusions
The two conformers of bicyclohexylidene (1), i.e. anti-1a and syn-1b, possess
nearly identical total energies. Therefore, in solution 1 is expected to be present in an
equilibrium mixture consisting of almost equimolar amounts of nti-1a and syn-1b. As a
consequence of the difference in molecular pointgroup between anti-1a (C2h) and syn-1b
(C2v), their optical properties are markedly affected. For anti-1a, two valence absorption
bands are calculated, viz. a p®p* (ca. 6.0 eV, exp. 6.01 eV [1]) and p®s* (ca. 7.2 eV,
exp. 6.85 eV [1]) transition, respectively [8,9]. In contrast for syn-1b, the MRDCI
calculations predict only one valence absorption band corresponding to a p®p* transition
positioned at ca. 6.0 eV, which is polarised parallel to the carbon-carbon double bond.
The next higher excitation (p®s* transition) of syn-1b will be found at ca.7.8 eV and is
polarised both perpendicular to the carbon-carbon double bond as well as to the plane
occupied by the carbon atoms C(1), C(2) and C(3). Inclusion of polarisation functions on
the carbon atoms in the MRDCI calculations (6-31G* basis set) does not significantly
affect the calculated transition energies, oscillator strengths (f) and CI vectors for both
conformers. Hence, our MRDCI results strongly suggest that the UV absorption spectrum
of 1 in solution will consist of a superposition of the spectra of the distinct conformers
anti-1a and syn-1b.
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Chapter 6
Long range through-bond interactions in
functionalised oligo(cyclohexylidenes) and
the photo-physical properties of 4,4’-
bis(tetrahydro-4H-thiopyran-4-ylidene).†
                                                 
† R.W.A. Havenith, J.H. van Lenthe, L.W. Jenneskens and A.W. Marsman, to be
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Abstract: Calculations on the smallest members of the oligo(cyclohexylidene) series
(n=1-4) and on the tetrahydro-4H-thiopyran end-capped oligo(cyclohexylidene) series
show that the strong through-bond coupling between their p bonds and sulphur lone pairs
are mediated by the H(ax)-C-C-H(ax) structural sub-units and the p bonds connecting the
cyclohexyl moieties. A comparison of the length dependency of the through-bond
coupling via an oligo(cyclohexylidene) and an alkyl bridge shows that
oligo(cyclohexylidenes) are more efficient in mediating through-bond couplings over
large distances. The oligo(cyclohexylidene) bridge thus facilitates hole transfer processes
between functional groups.
A first survey of the lowest valence transitions of 4,4’-bis(tetrahydro-4H-
thiopyran-4-ylidene) show that these possess charge transfer character from the sulphur
atoms towards the olefinic carbon atoms and the axial and quatorial hydrogen atoms.
The through-bond orbital interactions have an effect on the electron redistribution that
occurs when 4,4’-bis(tetrahydro-4H-thiopyran-4-ylidene) is excited to its first p®p*
excited state. The p®p* transition possesses charge transfer character from the sulphur
atoms towards the olefinic carbon atoms, due to the strong mixing of the sulphur lone
pairs with the p bond.
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1. Introduction
The oligo(cyclohexylidene) series containing a functionality at their a- and/or w-
termini have been established as novel molecular building blocks for supramolecular and
functional materials [1-7]. One application of these oligomeric hydrocarbon spacers is
their ability to hold two end groups at a well-defined spatial separation. Studies on similar
bridges in electron transfer studies show that the spacer plays a crucial role in mediating
long-range intramolecular electron transfer [6-13], i.e. the rate of electron transfer is
highly dependent on the spacer-type and its length. It is thought that the rate enhancement
of these bridge mediated electron transfer processes is due to the interaction of the orbitals
of both chromophores with each other via coupling with orbitals on the spacer (through-
bond coupling) [14-16].
Scheme 1 Oligo(cyclohexylidenes) [1(n)] and tetrahydro-4H-thiopyran end-capped
oligo(cyclohexylidenes) [2(n)]. The divinyl alkane [3(n)] oligomers are used as
reference compounds.
A model for the description of through-bond coupling was outlined by
McConnell [17]. The splitting in energy between seemingly degenerate orbitals (DE)
decays exponentially with the number of intervening s bonds (N) according to equation
(1).
2
N
AeE
b-
=D (1)
n
S S
n
n
1(n) 2(n) 3(n)
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In equation (1), b is the attenuation coefficient (units: per bond) for hole and
electron transfer, respectively. The smaller the value of b, the better hole (electron)
transfer can occur over large distances [18-21].
This model has been applied to various systems, like the divinyl alkane [denoted
by 3(n), see Scheme 1] oligomers [22]. To maximise the through-bond orbital
interactions, the dihedral angle between the plane of each double bond and its respective
allylic C-C bridge bond was fixed at 90º. The b valu s, calculated from equation (1) f r
consecutive members in the series [b(i, +1)] can be used for comparing the length
dependency of the through-bond coupling between functional groups bridged by various
spacers. The b(i,i+1) values and the splitting in p MO energies, calculated (RHF/3-21G)
for the 3(n) series [22] show that the through-bond coupling between the vinyl
substituents is measurable over 12 bonds as is shown in Table 1.1
Table 1 The energy splitting of the ionisation potentials (RHF/3-21G) of the p bonds
(eV) of 3(n), the number of intervening s bonds, the b(i,i+1) and A values [22].
Compound DE(p) (eV) # s bonds b(i,i+1) A
3(1) 0.58 4 0.695 2.317
3(2) 0.29 6 0.588 1.681
3(3) 0.16 8 0.536 1.365
3(4) 0.09 10 0.532 1.338
3(5) 0.06 12 0.529 1.315
3(6) 0.03 14 0.528 1.305
3(7) 0.02 16
The through-bond coupling between functional groups attached at the ermini (a
and w) of the parent oligo(cyclohexylidenes) [1( ), see Scheme 1] is determined by the
symmetry and energy of the orbitals centred on that functional group [23]. The p-type
lone pair orbitals of sulphur have the required symmetry and energy to couple with the
oligo(cyclohexylidene) bridge [24], and the tetrahydro-4H-thiopyran end-capped
                                                 
1 The original b(i,i+1) values in reference [22] are half of those reported in Table 1, because the
division by 2 in equation (1) was later added [21].
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oligo(cyclohexylidenes) [2(n), see Scheme 1] can thus serve as an efficient spacer in
molecules for mediating electron transfer processes.
Photo-electron spectroscopy studies and ab initio calculations (NBO analyses) on
the shorter members of the oligo(cyclohexylidene) [1(2)] a d the tetrahydro-4H-thiopyran
end-capped derivatives [2(1) and 2(2)] [23,24] show that the oligo(cyclohexylidene)
framework indeed mediate electronic interactions. The sulphur lone pairs couple with the
s bonds of the H(ax)-C-C-H(ax) sub-units and the p bonds of the intervening
oligo(cyclohexylidene) bridge [24]. Interestingly, the splitting of the energy of the sulphur
lone pairs [DE(LpS)] of adjacent members of the thiopyran end-capped derivatives [2(1):
0.36 eV, 7.66 Å; 2(2): 0.32 eV, 11.88 Å] is only diminished by 0.04 eV, suggesting a very
weak distance dependency of the orbital interactions. If this weak distance dependency
occurs for extended members of this series, the tetrahydro-4H-thiop ran end-capped
oligo(cyclohexylidenes) will possess molecular wire characteristics.
We will now focus on the length dependency of the thr ugh-bond interactions in
the oligo(cyclohexylidene) series. RHF/6-31G* calculations on the extended homologues
in the 1(n) and the 2(n) series will determine if the interactions between the functional
groups are retained, despite the long distance. The coupling of the orbitals on the
chromophores with the intervening bridge will be studied using the natural bond orbital
(NBO) [25,26] approach [27]. We will present the b values of equation (1) for both series
to compare the length dependency of the through-bond coupling in the
oligo(cyclohexylidenes) with those obtained for the 3(n) seri s. The influences of the
sulphur substitution and the through-bond interactions on the lowest valence transitions of
2(1) are calculated using the MRDCI methodology.
2. Computational details
All geometries were optimised using the GAMESS-UK [28] package at the
RHF/6-31G* level of theory. A previous study of 1(1) and 2(1) shows that this level of
theory is adequate. The geometries of 1(1) and2(1) obtained at this level of theory are in
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excellent agreement with available single X-ray data [24,29]. Ionisation potentials were
obtained using Koopmans’ theorem [30].
For analysing the contributions of through-space and through-bond interactions,
the procedure first suggested by Heilbronner and Schmelzer [31] and later extended by
Imamura et al. [32], was used, using natural bond orbitals (NBO’s) [25-27]. In this
analysis, the interaction between a subset of NBO’s is estimated by setting all off-diagonal
elements between the pairs of NBO’s not included in this subset to zero. A diagonalisation
of the resulting Fock matrix gives the MO’s in NBO basis and their energies for the case
that only the selected interactions are operational [22,27,33,34]. The NBO analyses were
performed using the Weingold NBO 3.0 program [35] as implemented in GAMESS-UK.
For an assignment of the ionisation potentials, the MO’s with the highest
contribution of the sulphur lone pair NBO’s (2c2) were assigned as the sulphur lone pairs.
In the same way, the outermost p orbi als were identified in the 1(n) series.
Scheme 2 Schematic drawing of the geometries considered in the ghost-centre
calculations.
Ghost-centre calculations [36] were performed for 1(2)and 2(1), to establish
whether through-space or through-bond interactions are operational. In calculations for
1(2), the p bonds of 1(2) are replaced by ethene molecules, while the other atoms of 1(2)
are replaced by ghost-centres with the same basis functions as on the atoms. The distance
of the p bonds of both ethene molecules is thus the same as those in 1(2). In Scheme 2, a
schematic drawing is given of the relative orientation of the two ethene molecules in the
ghost-centre calculation. For 2(1), the sulphur atoms are replaced by two dimethylsulfide
H
H
H
H
H
H
H
H
S S S S
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molecules, while the intervening atoms are replaced by ghost-centres with the appropriate
basis functions (Scheme 2).
Excited state calculations for 4,4’-bis(tetrahydro-4H-thiopyran-4-ylidene)
The lowest valence transitions of 4,4’-bis(tetrahydro-4H-t iopyran-4-ylidene)
[2(1)] were calculated using the Direct MRDCI [37] approach as implemented in
GAMESS-UK. The calculations were performed at the RHF/6-31G* geometry, using the
6-31G* orbitals. The active space in the CI calculations consisted of the highest 29
occupied MO’s (58 electrons) and 148 virtual orbitals. For the choice of the reference
configurations in the final CI calculation, first an MRDCI calculation was performed with
the reference configurations chosen as single and double excitations from the highest 7
occupied to the lowest 5 unoccupied orbitals of the appropriate symmetry. The four lowest
roots of each symmetry were calculated. The most important configurations (c2>0.01) of
those lowest four roots of each symmetry were then taken as the reference configurations
in the final MRDCI calculations.
The configuration selection procedure [38] in the final MRDCI calculations
resulted in the selection of 98673 configuration state functions (CSFs) of Ag symmetry
(13 reference configurations), 127864 CSFs of Au (5 reference configurations) and
144728 CSFs of Bu symmetry (9 reference configurations). The CI energies were
corrected for size-consistency errors by the Davidson method [39,40].
3. Results and discussion
3.1. SCF molecular orbital energies
The p MO energies of 1(n) and 2(n), together with their assignment as the
outermost p bonds or sulphur lone pairs of 1(n) or 2(n), respectively, are presented in
Table 2. The ionisation potentials of 1(1), 1(2), 2(1) and 2(2) are in excellent agreement
with the experimental ones, measured by photo-electron spectroscopy [24]. A splitting of
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the energy levels of the p bonds is discernible. A strong mixing of all p bonds occurs in
both the 1(n) and 2(n) series. In the case of 2(n), the sulphur lone pairs also mix strongly
with the p bonds of the intervening oligo(cyclohexylidene) bridge, as is indicated by the
contribution of the sulphur lone pair NBO’s in all p type MO’s (Table 2).
The ghost-centre calculation [36] (cf. Chapter 3), performed for 1(2), shows that
the energy difference between the p orbitals of the two ethene molecules is small (0.05
eV). In the case of 2(1), the energy of the sulphur lone pairs is split by less than 0.01 eV.
The through-space interaction is thus negligible for even the smallest derivatives in both
series.
Table 2 The p MO and sulphur lone pair orbital energies (eV) of compounds 1(n) and
2(n). The total contribution (c2) from both outermost p orbitals and sulphur
lone pairs, in the case of 1(n) and 2(n), respectively, in the particular MO is
indicated between parentheses.a
1(1) 1(2) 1(3) 1(4)
HOMO -8.58 (0.80) -8.35 (0.74)* -8.25 (0.40)* -8.21 (0.23)
HOMO-1 -8.91 (0.79)* -8.65 (0.76)* -8.49 (0.57)*
HOMO-2 -9.06 (0.38) -8.84 (0.54)*
HOMO-3 -9.12 (0.20)
2(0) 2(1) 2(2) 2(3) 2(4)
HOMO -9.09 (0.87)* -8.76 (0.51)* -8.60 (0.26) -8.48 (0.13) -8.39 (0.06)
HOMO-1 -9.55 (0.90)* -9.12 (0.89)* -8.89 (0.69)* -8.74 (0.47)* -8.63 (0.28)
HOMO-2 -9.53 (0.38) -9.21 (0.62)* -8.99 (0.62)* -8.85 (0.52)*
HOMO-3 -9.49 (0.20) -9.27 (0.42) -9.07 (0.49)*
HOMO-4 -9.45 (0.14) -9.31 (0.31)
HOMO-5 -9.42 (0.12)
aThe orbitals marked with an asterisk are assigned to the outermost p orbitals in the case of 1(n) and
to the sulphur lone pairs in the case of 2(n).
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3.2. NBO analyses
The relevant NBO’s for the through-bond interactions are indicated in Scheme 3.
For the analysis of the through-bond interactions in the case of 1(n), 6 consecutive steps
are taken, starting with 1) no interaction (self-energies of the NBO’s). In the succeeding
steps, the following interactions between NBO’s are added to the preceding one: 2) the p
bonds (through-space interaction), 3) the inner s C-C bonds, 4) the outer s C-C bonds, 5)
the C-H(ax) bonds and 6) all NBO’s (Scheme 3a). In the case of the series 2(n), 5
consecutive steps are considered, viz. 1) no interaction (self-energies of the NBO’s), 2) the
p bonds and the sulphur lone-pairs (through-space interaction), 3) he s C-C bonds, 4) the
C-H(ax) bonds and 5) all NBO’s (Scheme 3b).
Scheme 3a The interacting NBO’s for 1(n) are indicated by bold lines in the 6 consecutive
steps.
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Scheme 3b The interacting NBO’s for 2(n) are indicated by bold lines in the 5 consecutive
steps.
Figure 1 The NBO interaction diagram of the p bonds of 1(2).
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In Figure 1, the orbital energies of the p MO’s of 1(2) after each step in the NBO
analysis are indicated. The energies of the localised p bond  of 1(2) are degenerate (step
1). After through-space interaction (step 2), th  energy levels are split by only 0.05 eV, in
line with the result obtained by the ghost-centre calculations (0.05 eV). The splitting
increases to 0.22 eV as a consequence of the interaction with the intervening C-C single
bonds (step 3). Both levels are destabilised by an interaction with the other C-C s b nds,
but the splitting remains the same. A splitting of 0.54 eV is obtained when the C-H(ax)
bonds get an interaction with the p bonds and the C-C s bonds (step 5). A total splitting of
0.57 eV is observed when all NBO’s interact (step 6). Af r interaction with the s C-C
bonds and the s C-H(ax) bonds, the splitting between the energy levels of the p MO’s is
close to that after interaction with all NBO’s, indicating that the splitting is caused mainly
by interaction with these s bonds.
Figure 2 The NBO interaction diagram of the p bonds of 1(4).
In the case of 1(4), the same pattern is seen (Figure 2). Through-space
interactions are negligible (step 2), interaction with only the C-C bonds causes a small
splitting (step 4), and large splittings are obtained after interaction with the C-C and C-
H(ax) structural units (step 5).
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Figure 3 The NBO interaction diagram of the p bonds and the sulphur lone pairs of 2(1).
For 2(1), through-space interactions are also negligible. The sulphur lone pairs
remain degenerate after interaction with only the C-C single bonds (step 3). F r the parent
compounds, this interaction results already in a small splitting of the  MO energi s. The
splitting between the energy levels of the sulphur lone pairs is again caused by interaction
with both the C-C and C-H(ax) units (step 4, DE=0.36 eV).
In the case of 2(4), the same patterns as were found for 1(4) and 2(2) are
discernible (Figure 4). The p orbitals split in energy after interaction with the C-C units
(step 3), while the sulphur lone pairs remain degenerate. After interaction with the C-C
and C-H(ax) units (step 4), the sulphur lone pairs mix with the olefinic bonds resulting in
an energy splitting of 0.19 eV. The splitting between the sulphur lone pairs when all
NBO’s are considered (step 5), is 0.23 eV. Thus, similar to the 1(n) series, the through-
bond interactions in the 2(n) series are mediated by the H(ax)-C-C-H(ax) structural units
of and the p bonds between the intervening oligo(cyclohexylidene) bridge.
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Figure 4 The NBO interaction diagram of the p bonds and sulphur lone pairs of 2(4).
3.3. Length dependency of the through-bond orbital coupling between the sulphur lone
pairs
The small decrease in the splittings of the sulphur lone air energies as a function
of distance suggests a very weak length dependency of the through-bond interactions. To
compare the oligo(cyclohexylidene) derivatives with the divinyl alkane series in
mediating through-bond interactions, its b values of equation (1) were calculated. They
are calculated from the splitting of 1(n) and 2(n) and those of the next homologue 1(n+1)
and 2(n+1) and are denoted as b(i,i+1). The constant A in equation (1) s calculated with
this b(i,i+1) value. The b(i,i+1) values for the consecutive members of the series 1(n) and
2(n) are tabulated in Table 3 and 4, respectively, together with the orbital splitting of the
outermost p bonds in the case of 1(n) and of the sulphur lone pairs in the case of 2(n) (cf.
Table 2).
Similar b(i,i+1) values for 1(n) and 2(n) are found, as expected, as the same
orbitals are involved in the through-bond interactions. The constants A calculated for both
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series are fairly constant, suggesting that the exponential decay of the through-bond
interactions is a good first order approximation.
Table 3 The energy splitting of the ionisation potentials of the outermost p bonds (eV)
of 1(n), the number of intervening s bonds, the b(i,i+1) values, A and the
distance between the two p b nds (Å).
Compound DE(p) (eV) # of s bonds b(i,i+1) A p-p distance (Å)
1(2) 0.564 (0.46)a 3 0.18 0.74 2.98
1(3) 0.395 (0.40)a 7 0.06 0.48 7.19
1(4) 0.352 11 11.42
aExperimental values from references [23,24] are indicated between parentheses .
Table 4 The energy splitting of the ionisation potentials of the sulphur lone pairs (eV) of
2(n), the number of intervening s bonds, the b(i,i+1) values, A and the distance
between the two sulphur atoms (Å).
Compound DE(LpS) (eV) # of s bonds b(i,i+1) A S-S distance (Å)
2(0) 0.464 (0.45)a 3 0.12 0.56 3.49
2(1) 0.364 (0.4)a 7 0.07 0.46 7.66 (7.70)b
2(2) 0.317 (0.3)a 11 0.11 0.59 11.88
2(3) 0.252 15 0.06 0.40 16.11
2(4) 0.224 19 20.33
aExperimental values from reference [24] are indicated between parentheses . bExp rimental value
derived from a single X-ray analysis [24].
The calculated b(i,i+1) values for both oligo(cyclohexylidene) series are all very
small compared to those of 3(n) (Table 1), which was one of the best bridges for
mediating through-bond interactions according to this model. Thus the
oligo(cyclohexylidene) bridge is even more efficient than an alkyl spacer in mediating
through-bond interactions. The through-bond interactions in the oligo(cyclohexylidene)
series are thus less dependent of the length of the bridge and are mediated over longer
distances than by an alkyl spacer. Hence, oligo(cyclohexylidenes) are very efficient in
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mediating orbital interactions between appropriate end groups and they thus facilitate hole
transfer over large distances.
A weak distance dependency of the rate of electron transfer is found for
assemblies of 2(n) [with n=0-2] on a gold surface [6]. Hence, these molecules possess
thus good conductor characteristics.
3.4. The lowest valence transitions of anti-4,4’-bis(tetrahydro-4H-thiopyran-4-ylidene)
[2(1)]
The strong mixing of the sulphur lone pairs with the p bond of2(1) can have a
pronounced effect on its photo-physical properties. The lowest valence transitions of the
anti conformer of 4,4’-bis(tetrahydro-4H-thiopyran-4-ylidene) [2(1)] were calculated
using the Direct MRDCI approach to probe the effect of through-bond interactions on its
UV spectrum. The excitation energies are tabulated in Table 5, together with the oscillator
strength (f), polarisation direction and their assignment. Only the Bu exci ed states are
interesting, as the transition moments for the excitation towards the lower Au excited
states are very small. It was noted in a previous study, that an average error of ca. 3.5 V
is made by this approach [36]. However, a comparison of the calculated transition
energies with the experimental ones indicates that the error made in this case is somewhat
larger, ca. 4.2 eV.
According to our calculations, two absorptions are expected in solution UV
spectroscopy. This excitation corresponds to the LpS®p* (1Bu; 9.99 eV; f 0.5504;
experimental 5.7 eV). The second excitation corresponds to a p®p* (2Bu; 11.78 eV; f
0.5661; experimental 6.2 eV) transition, respectively. The third transition with a
considerable oscillator strength is that towards the 3Bu excited state (15.80 eV; f 0.2625),
corresponding to a LpS®s* transition. The first p®s* transition is the excitation towards
the 4Bu state (16.52 eV; f 0.0370). Both transition energies are too high to be observable
in solution UV spectroscopy.
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Table 5 The lowest valence transitions of 4,4’-bis(tetrahydro-4H-thi pyran-4-ylidene)
[2(1)].
Transition
energy (eV)
State
symmetry
Oscillator
strength (f)
Polarisationa Assignmentb
9.99 1Bu 0.5504 || HOMO®LUMO
11.78 2Bu 0.5661 || HOMO-2®LUMO
12.72 1Au 0.0004 ^ 0.42 (HOMO-1®LUMO+2)
0.24 (HOMO®LUMO+1)
13.11 2Au 0.0042 ^ HOMO-6®LUMO
14.40 3Au 0.0002 ^ 0.48 (HOMO-2®LUMO+1)
0.35 (HOMO-1®LUMO+5)
15.80 3Bu 0.2625 || HOMO®LUMO+3
16.16 4Au 0.0005 ^ 0.41 (HOMO-2®LUMO+2)
0.24 (HOMO®LUMO+1)
0.17 (HOMO-3®LUMO+1)
16.52 4Bu 0.0370 ^^ 0.63 (HOMO-2®LUMO+3)
0.19 (HOMO-1®LUMO+4)
aNotation; ||: polarised parallel to the double bond; ^: polarised perpendicular to the double bond in
plane with the carbon atoms C(3) to C(6); ^^: polarised perpendicular to the double bond and
perpendicular to the plane occupied by the carbon atoms C(3) to C(6) (see Figure 5) bIn case of
multi-reference character of the excited state, the c2 are tabulated.
The experimental energy difference of 0.5 eV between the first and second
transition energies is not reproduced at the MRDCI level of theory. A difference of 1.79
eV is found. This error can probably be attributed to the configuration selection
procedure. From the total of 10 812 082 configurations, only 144 728 were treated in the
CI expansion. For the 1Bu and 2Bu state, an error of 877 and 1088 mHartree is estimated,
respectively. As both values differ, a larger difference between the 1Bu and 2Bu state
energy is expected. These calculations should therefore be considered as a first stab at the
analysis of the excited states of 2(1).
The electron population redistributions for excitation towards the first four Bu
states are tabulated in Table 6. A large electron population redistribution occurs upon the
excitations towards the 1Bu (LpS®p*; 9.99 eV; f 0.5504) and 2Bu (p®p*; 11.78 eV; f
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0.5661) states. The electron population on the sulphur atoms decreases, while that on the
olefinic carbon atoms C(1) and C(2) and the hydrogen atoms H(13)-H(16) (axial) and
H(25)-H(28) (equatorial) increases (see for atom numbering Figure 5). The electron
population decrease on the sulphur atoms upon excitation towards the 2Bu state (HOMO-
2®LUMO; p®p*; 11.78 eV; f 0.5661) is smaller than upon excitation towards the 1Bu
state (HOMO®LUMO; LpS®p*; 9.99 eV; f 0.5504), as the HOMO-2 possesses more p
character than the HOMO. The mixing of the sulphur lone pair orbitals with the p bond,
which is a consequence of the through-bond orbital coupling, is thus clearly visible in the
electron redistribution upon excitation.
Similar to 1,1’-bicyclohexylidene that rapidly interconverts from its anti- into its
syn-conformer [41], 2(1) is also highly mobile in solution and in the gas-phase [24]. The
calculated energy difference between the anti- and syn-conformers of 2(1) is 0.08
kcal/mol. The topology of the highest occupied and lowest unoccupied molecular orbitals
of anti- and syn-2(1) are similar to those of 1(1). Thus, anti-syn isomerism is expected to
have the same effect on the (gas-phase) UV spectrum as in the case of 1(1) [41] (se also
Chapter 5). Hence, EELS measurements should be performed.
Figure 5 The RHF/6-31G* optimised structure of 4,4’-bis(tetrahydro-4H-thiopyran-4-
ylidene) [2(1)].
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Table 6 Mulliken population analysis [42] of the ground state and Mulliken population
differences for the excited states of 2(1).
Atoma State
1Ag 1Bu
b 2Bu
b 3Bu
b 4Bu
b
C(1),C(2) 5.983 0.087 0.061 -0.055 -0.084
C(3),C(4),C(5),C(6) 6.338 -0.009 -0.007 -0.028 -0.022
C(7),C(8),C(9),C(10) 6.458 -0.007 -0.008 0.005 0.001
S(11),S(12) 15.896 -0.172 -0.161 -0.080 -0.063
H(13),H(14),H(15),H(16) 0.820 0.025 0.028 0.001 0.001
H(17),H(18),H(19),H(20) 0.827 0.010 0.012 0.063 0.058
H(21),H(22),H(23),H(24) 0.811 -0.005 -0.001 0.023 0.030
H(25),H(26),H(27),H(28) 0.805 0.031 0.028 0.005 0.003
aAtom numbering as indicated in Figure 5. bFor the excited states a positive number indicates an
increase in electron population, while a negative number corresponds to a decrease in electron
population.
4. Conclusions
Ab initio SCF MO calculations on oligo(cyclohexylidenes) and tetrahydro-4H-
thiopyran end-capped oligo(cyclohexylidenes) show that through-bond interactions are
operational. In the case of the tetrahydro-4H-thiopyran end-capped
oligo(cyclohexylidenes), the sulphur lone pairs mix strongly with the p bonds connecting
the cyclohexyl moieties and with the s bonds of the cyclohexyl moieties. NBO analyses
suggest that the interactions are mediated by the H(ax)-C-C-H(ax) structural sub-units of
the cyclohexyl rings.
The b values between consecutive members of the tetrahydro-4H- hiopyran end-
capped oligo(cyclohexylidenes) series are all very small, indicating that functional groups
separated by long oligo(cyclohexylidene) spacers interact with each other. Tetrahydro-4H-
thiopyran end-capped oligo(cyclohexylidenes) can thus facilitate hole transfer between
functional groups over large distances.
A first survey of the excited state properties of 4,4’-bis(tetrahydro-4H-thiopyran-
4-ylidene) show that the through-bond orbital interactions affect the electron redistribution
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which occurs upon the p®p* excitation. As a consequence of the strong mixing of the
sulphur lone pairs with the p bond, the p®p* transition possesses charge transfer
character from the sulphur atoms towards the olefinic carbon atoms. It is expected that
anti-syn isomerism has the same effect on the UV spectra of both conformers as it has on
those of 1,1’-bicyclohexylidene.
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1,3,5-Cyclohexatriene captured in
computro; the concept of aromaticity.†
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Abstract: The determination of the extra stability of benzene, due to
resonance/delocalised p-electrons, is not straightforward, e.g. the energy of benzene,
described by two Kekulé structures, should be compared to that of ‘hypothetical’ 1,3,5-
cyclohexatriene, described by only one Kekulé structure. Using Valence Bond (VB)
theory, the energies and geometries of two-Kekulé-structure benzene and one-Kekulé-
structure 1,3,5-cyclohexatriene have been calculated. The vertical resonance energy of
benzene is only -9.6 kcal/mol. Geometry optimisation of one-Kekulé-structure 1,3,5-
cyclohexatriene leads to a D3h symmetric structure with alternating bond lengths located
7.4 kcal/mol above benzene (-TRE). A calculation on deformed benzene (two Kekulé
structures) in the 1,3,5-cyclohexatriene optimised geometry shows that it is still stabilised
by resonance by 6.2 kcal/mol and is located only 1.2 kcal/mol above benzene itself. Upon
geometry optimisation, D6h symmetric benzene results. The resonance between the two
Kekulé structures is thus necessary for the D6h symmetric geometry of benzene.
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1. Introduction
‘Bicarburet of hydrogen’ nowadays referred to as benzene (C6H6) co tinuously
surprises the scientific community [1,2], since it was first isolated by Faraday in 1825
[3,4]. Despite its unsaturated character its properties differ from those of (conjugated)
alkenes [5]. In fact, benzene has a very distinct chemical reactivity.
With the advance of quantum chemistry the peculiar behaviour of benzene could
be qualitatively rationalised using a Valence Bond (VB) treatment, i.e. by r sonance
between two Kekulé structures which provides extra stabilisation. In a Molecular Orbital
(MO) approach the properties of benzene could be explained by p-electron delocalisation
along its carbon perimeter. This has led to the famous Hückel 4n+2/4n rules, i.e.
monocyclic conjugated circuits ([n]-annulenes) with 4n+2 (aromatic character) and 4n
(anti-aromatic character) p-electrons (n = 0, 1, 2, etc.) are thermodynamically stabilised
and destabilised, respectively [5]. The extra stabilisation of benzene due to the resonance
between its two Kekulé structures or, equivalently, to its delocalised p system, is called
the resonance (RE) or delocalisation energy. As a consequence benzene has a hexagonal
geometry (D6h symmetry) with bond lengths (1.399 Å [6]) intermediate between regular
single and double carbon-carbon bond lengths.
The determination of the resonance energy of benzene, which represents the
energy criterion for aromaticity, is thus an important, but not straightforward issue. The
problem is the inaccessibility of appropriate reference compounds [7]. For example, 1,3,5-
cyclohexatriene with the same geometry as benzene, but lacking resonance/p-electron
delocalisation would be an appropriate reference. However, it does not exist! The energy
difference between benzene and this hypothetical 1,3,5-cyclohexatriene gives the vertical
resonance energy (VRE). To circumvent this problem it was proposed to use polyenes as a
reference [8], i.e. the energy of benzene is compared to that of again a hypothetical cyclic
polyene, 1,3,5-cyclohexatriene with D3h symmetry. Its energy is estimated by taking thrice
the C=C and C-C increment [8]. This energy difference gives the theoretical resonance
energy (TRE). In this case also a change in geometry (D6h ® D3h) is involved.
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Whereas the two reference points required for the determination of VRE or TRE
of benzene are experimentally inaccessible, the best approach towards these reference
compounds is by applying Ab Initio Valence Bond (VB) theory. A prerequisite is that
optimised 1,3,5-cyclohexatriene (D3h symmetry) is within reach.
Here we report the results of VB calculations on benzene and the elusive
reference points, viz. 1,3,5-cyclohexatriene in both the benzene as well as its optimised
(‘true’ 1,3,5-cyclohexatriene) geometries. Besides giving values for the resonance
energies VRE and TRE, the results also shed light on the recent proposal that the
hexagonal geometry of benzene is a consequence of the symmetrising force of the -
skeleton instead of resonance/delocalisation of the p-electrons [9,10].
2. Methods
Within the VB model the wave function describes the desired double and single bonds;
the p-system is described within the non-orthogonal VB framework using p-like orbitals
on the six carbon atoms. The -system consists of delocalised doubly occupied orbitals. In
all calculations all orbitals are completely optimised.
Since each bond in VB is described by a singlet coupled pair of orbitals, the
reference points 1,3,5-cyclohexatriene in the benzene geometry (D6h symmetry) and in its
optimised geometry (D3h symmetry) with double bonds between the carbon-atoms (1,2),
(3,4) and (5,6), can be described by the following wave function:
( )( )( ) ( )( )( )6,54,32,16565434321211 corecore pppppppppppp ss =---=Y
Thus the wave function in either case consists of only one Kekulé structure. In contrast,
the wave function of regular benzene (D6h symmetry) and benzene deformed (D3h
symmetry) in the optimised geometry of 1,3,5-cyclohexatriene will be obtained by adding
the second Kekulé structure, giving
( )( )( ) ( )( )( )( )1,65,43,26,54,32,12 corecoreN ss +=Y
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Note that two Kekulé structures are noto thogonal to each other (for benzene,
the overlap is 0.66). This is both a consequence of the orbital overlap and an intrinsic
property of the Rumer spin functions. Hence, the formal single bonds of 1,3,5-
cyclohexatriene (one-Kekulé-structure calculations) will possess double bond character.
So 1,3,5-cyclohexatriene is polyene-like.
In our VB description of benzene, the three Dewar benzene structures, viz.three
additional covalent structures which contribute for less than 6-7% each [11,12] ar
excluded, to focus on the effect of resonance interactions between the possible Kekulé
structures.
The VB wave functions will be denoted by the symmetry of the geometry and the
number of structures employed. Thus a regular benzene calculation is denoted by D6h-2.
To obtain an estimate of the VRE, a one-Kekulé-structure calculation has been performed,
viz. denoted by deformed 1,3,5-cyclohexatriene (D6h-1). For the calculation of the TRE,
the geometry of 1,3,5-cyclohexatriene (D3h-1) has been optimised. A calculation on
deformed benzene in the optimised 1,3,5-cyclohexatriene geometry (D3h-2) has been
performed to judge whether resonance is still important upon deformation of benzene.
In our VB approach, the p-orbitals are allowed to delocalise, though they are still
predominantly atomic in nature (cf. Cooper et al. [11]). Thus completely optimised non-
orthogonal atomic orbitals are used which have tails on the other atoms. This model was
first used by Coulson and Fischer in their description of the H2 molecule [13]. The
geometries of benzene (D6h-2, Y2) and 1,3,5-cyclohexatriene (D3h-1, Y1) were optimised
using gradient techniques [14]; a 6-31G basis set [15] was used. The calculations are
performed using the Ab Initio Valence Bond program TURTLE [16], as integrated in the
GAMESS-UK package [17].
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3. Results and discussion
3.1. The geometries and resonance energies of (deformed) benzene (D6h-2, D3h-2) and
(deformed) 1,3,5-cyclohexatriene (D6h-1, D3h-1)
The optimised geometries of benzene (D6h-2) and its reference compound 1,3,5-
cyclohexatriene (D3h-1) are presented in Table 1, together with their total energies and the
energy of their most stable Kekulé structure.
Scheme 1 The thermocycle of benzene, their relative energies (kcal/mol) and the weights
(in italics) of the Kekulé structures.
+9.6
-2.2
-6.2
-1.2
D6h-2; 0.0 D6h-1; 9.6
D3h-2; 1.2 D3h-1; 7.4
VRE
TRE
+7.4
0.50 0.50
0.74 0.26
Eres -19.8
Eres -8.4
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Table 1 The optimised structures of benzene (D6h-2) and 1,3,5-cyclohexatriene (D3h-1)
together with their total VB energy (in Hartree) and energy of their most stable
Kekulé structure (in Hartree), and those of their deformed counterparts D6h-1
and D3h-2.
Molecule C1-C2(Å) C2-C3(Å) Total energy Most stable
structure energy
benzene (D6h-2)
1 1.399 1.399 -230.693447 -230.661873
1,3,5-cyclohexatriene (D3h-1)
2 1.369 1.433 -230.681589 -230.681589
deformed
1,3,5-cyclohexatriene (D6h-1) 1.399 1.399 -230.678149 -230.678149
deformed benzene (D3h-2) 1.369 1.433 -230.691547 -230.678195
In our calculations, the following results are obtained (Scheme 1). Benzene (D6h-
2) has a geometry with carbon-carbon bond lengths of 1.399 Å in excellent agreement
with the experimental value (1.399 Å) [6]. Geometry optimisation of 1,3,5-
cyclohexatriene (D6h-1) starting at the benzene (D6h-2) geometry leads to 1,3,5-
cyclohexatriene (D3h-1) with alternating bond lengths of 1.369 Å and 1.433 Å (Table 1),
i.e. 1,3,5-cyclohexatriene (D3h-1) is captured in computro (Scheme 1)! This relaxation of
the 1,3,5-cyclohexatriene geometry (D6h-1) from D6h symmetry to D3h symmetry (D3h-1)
is only moderately exothermic (-2.2 kcal/mol, Scheme 1). The calculated alternating bond
lengths are in reasonable agreement with experimental values found in linear 1,3,5-
hexatriene (1.368 Å and 1.458 Å [18]). The resemblance between the optimised geometry
of 1,3,5-cyclohexatriene (D3h-1) and related bond lengths in 1,3,5-hexatriene confirms the
polyene character of the former.
Upon inclusion of resonance, deformed benzene (D3h-2) is located 1.2 kcal/mol
above benzene. Geometry optimisation leads immediately back to D6h-2. These results
indicate that resonance between the two Kekulé structures is necessary for obtaining the
D6h symmetric geometry of benzene (cf. [19]).
                                                 
1 Other structural features of D6h-2: C-H 1.073 Å; Ð C-C-H 120.0º.
2 Other structural features of D3h-1: C-H 1.073 Å; Ð C1-C2-H 120.6º; Ð C2-C3-H 119.4º.
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According to Pauling, the resonance energy (RE) of a molecule is defined as the
energy difference between the total energy of the molecule and the energy of its most
stable Kekulé structure [20]. For benzene (D6h-2), both structures are degenerate and have
equal weights. A RE value of -19.8 kcal/mol is found (Scheme 1). Upon deformation of
benzene towards the 1,3,5-cyclohexatriene geometry (D3h-2), the weights of both
structures become 0.74 and 0.26 (Scheme 1). The Pauling RE of deformed benzene (D3h-
2) is still -8.4 kcal/mol. While a significant resonance stabilisation is present in deformed
benzene (D3h-2), it is located above D6h benzene (D6h-2, Scheme 1). The small
endothermicity (1.2 kcal/mol, Scheme 1) of the deformation of benzene to the 1,3,5-
cyclohexatriene optimised structure (D6h-2 ® 3h-2) and the fact that resonance still is
important in deformed benzene (D3h-2) suggest that the (magnetic) properties of deformed
benzene are similar to those of benzene (D6h-2) itself. Indeed, for even stronger distortions
of the benzene geometry towards a D3h structure with alternating bond lengths, the
magnetic properties, are nearly identical to those of benzene [21].
A VRE of only -9.6 kcal/mol is found for benzene (D6h-2) (Scheme 1). The VRE
of deformed benzene (D3h-2) is only 3.4 kcal/mol lower than that of benzene (D6h-2), viz. -
6.2 kcal/mol. According to our VB calculations, the TRE of benzene is only -7.4 kcal/mol
(Scheme 1). These values for both the VRE and TRE are considerably lower than most
previously reported values (range 5 - 95 kcal/mol [7,22-24]). This discrepancy can be
attributed to the fact that in previous calculations the VRE and TRE were calculated using
either calculations with pre-determined ethene p orbitals [23] or CASSCF wave functions
that were transformed to a VB space of all covalent VB determinants [22]. He ce the
1,3,5-cyclohexatrienes (D6h-1 and D3h-1) were accessed with non-optimised orbitals. In
the most recent VB calculations [24] 175 different (ionic) structures for benzene (D6h-2)
while for (deformed) 1,3,5-cyclohexatriene (D6h-1 and D3h-1) only 27 (ionic) structures
were taken into account. This may well be an unbalanced view, and e.g. affect the
energies.
The calculated VRE of benzene is also considerably lower than the resonance
energy according to the Pauling definition. The optimisation of the wave function in the
case of the one-structure calculation lowers the energy by 10.2 kcal/mol in comparison
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with the energy of one single structure in the corresponding two-structure calculation. We
attribute this to the fact that deformed 1,3,5-cyclohexatriene (D6h-1) does not possess
isolated double bonds but possesses polyene character.
4. Conclusions
The Valence Bond calculations show that benzene is stabilised with respect to
the elusive reference molecule 1,3,5-cyclohexatriene (D3h-1) by 7.4 kcal/mol (TRE),
which is much smaller than most earlier suggestions. 1,3,5-Cyclohexatriene (D3h-1) is
accessed in computer experiments. At this geometry, benzene still possesses a
considerably degree of p-electron delocalisation. The second Kekulé structure is
responsible for the relaxation of D3h-2 to benzene, thus resonance is necessary for
obtaining the D6h symmetric geometry of benzene.
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Abstract: The effect of cyclopentafusion on the aromatic properties of pyrene and its
cyclopentafused congeners has been studied by calculating resonance energies using the
Valence Bond (VB) method, and Nucleus Independent Chemical Shifts using DIGLO.
The VB resonance energy is only slightly affected by cyclopentafusion. The resonance
interactions between Kekulé resonance structures that lead to six p electron (benzene-like)
conjugated circuits have the largest contributions to the resonance energy, in favour of
Clar’s model. For all compounds these contributions are of similar magnitude. Hence,
according to the resonance criterion, all compounds have the same aromatic character.
In contrast, the total NICS values show a decrease of aromatic character of the
compounds in the series upon the addition of externally fused five-membered rings.
However, in line with the resonance criterion, the diamagnetic part of the shielding tensor
perpendicular to the molecular framework is nearly constant for all compounds, provided
that comparable gauge origins are chosen. Thus, care should be taken by comparing the
aromatic character of rings of different molecules by considering only their total NICS
values.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) with external cyclopentafused five-
membered rings, such as the cyclopentafused pyrene derivatives (Scheme 1), belong to the
class of non-alternant polycyclic aromatic hydrocarbons and may exhibit unusual (photo)-
physical properties, e.g. anomalous fluorescence and high electron affinities [1,2].
Several qualitative models, e.g. Platt’s ring perimeter model [3], Clar’s model [4]
and Randi¶’s conjugated circuits model [5-7], have either been or are frequently used for
the rationalisation of the properties and the reactivity of PAHs. According to Platt’s ring
perimeter model [3], the aromatic hydrocarbon should be divided into two parts: a
perimeter and an inner core. The perimeter should be considered as a [n] annulene, while
the inner core represents only a perturbation. The properties of the hydrocarbon are then
interpreted as those of the [n] annulene, using the Hückel [4n+2] rule.
Another view offers Clar’s model [4] of aromatic hydrocarbons. In this model
aromaticity is regarded as a local property. The Kekulé resonance structure with the
largest number of aromatic sextets, i.e. benzene-like moieties, is preferred. The other rings
in the PAH are less aromatic and are chemically more reactive.
The conjugated circuits model of Randi¶ [5-7] takes both Clar’s model and
Platt’s ring perimeter model into consideration. All distinct conjugated circuits, i.e. cyclic
arrays of sp2 hybridised carbon atoms, in all Kekulé resonance structures are considered
with equal weight. This model is used for estimating the resonance energy of a PAH. All
conjugated circuits have a contribution, depending on the number of p electrons. Those
consisting of [4n+2] p electrons [R(n)] have a stabilising (negative) contribution, while
the [4n] conjugated circuits [Q(n)] have a destabilising (positive) contribution. The
parameters R(n) and Q(n) were chosen in order to reproduce the resonance energy [6] of
small aromatic hydrocarbons obtained by using either Valence Bond (VB) calculations [8]
or by comparing the total energies of the PAH with an appropriate polyene reference
compound [9]. All these qualitative models rationalise the properties of aromatic and anti-
aromatic hydrocarbons in terms of the Hückel [4n+2] and [4n] rules.
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The extra stability of a PAH, due to p electron delocalisation, can also be
determined, computationally or experimentally, by either considering homodesmotic
relationships [10] or by the reaction enthalpy of the reaction of the PAH towards suitable
chosen reference compounds [11]. For example, for pyrene (1) the aromatic stabilisation
energy (ASE), which serves as a measure of the resonance energy, can be calculated as
the energy difference between the methyl substituted derivative and its quinoid derivative
containing an exo methylene substituent.
Another approach to assess the aromatic properties of a PAH is by considering
its magnetic properties. As a consequence of induced ring currents in their p systems
[12,13], the magnetic properties of aromatic compounds differ with respect to those of
non-conjugated alkenes. Hence, magnetic properties [10] (large anisotropy of the
magnetic susceptibility, deshielded ring protons and negative Nucleus Independent
Chemical Shift (NICS) values [14]) are also frequently used as aromaticity criteria.
Aromaticity is associated with cyclic electron delocalisation [10]. Th s results
from resonance between two or more Kekulé resonance structures. A striking example is
the structure of benzene, which cannot be described by one valence bond structure.
Hückel theory and any other molecular orbital theory are one determinant approaches and
thus do not provide any information about the importance of the different structures. In
contrast, VB theory can address the interaction between Kekulé resonance structures since
the wave function is written as a linear combination of these structures. Following the
proposal by Pauling [15], the resonance energy (Eres) of an aromatic hydrocarbon is
calculated as the difference between the total VB energy and the energy of the most stable
structure (Eres=Etot-Elowest). In addition, the weights of the different Kekulé resonance
structures are accessible which designate the importance of a particular structure in the
wave function.
In a related study on the cyclopentafused pyrene congeners [16], in which regular
ab initio methods were used (RHF/6-31G* and B3LYP/6-31G*), we found that
cyclopentafusion has a large effect on their magnetic properties; a decrease of the
aromatic character upon cyclopentafusion was found. The aromatic stabilisation energies
(ASE’s) were unaffected although the number of p el ctrons is increasing in this series.
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These effects prompted us to study the effect of cyclopentafusion in the cyclopentafused
pyrene series on the interaction between the different Kekulé resonance structures and its
effect on the resonance energy and so its effect on their aromatic properties. VB theory
enables us to partition the resonance energy into the contributions of the different
conjugated circuits (vide infra). In this way, the aromatic properties of the individual rings
can be studied using the resonance criterion, and can be compared to the magnetic criteria
for aromaticity. The results can be used for validating the fundamentals of the empirical
models for describing PAHs.
2. Methods
2.1. Computational details
All geometries were optimised using the GAMESS-UK [17] package at the
RHF/6-31G level.1 The equilibrium geometry of 7 was found to be bowl-shaped (vide
infra) [16]. This means that in a treatment of the conjugated system in this geometry, s
orbitals cannot be excluded, as the strict s/p eparation is destroyed. The deviation from
the planar form of 7 is rather small (12.4º, see Figure 1h). Previous VB studies of bent-
benzenes showed that the description of the p system does not change much for bending
angles up to 50º [18]. Thus the VB results obtained for the planar transition state will not
deviate much from those of bowl-shaped 7, while the calculation on planar 7 is
computationally much cheaper.
The VB calculations were performed with the TURTLE [19] program package.
In the spirit of Pauling [20], we considered only the Kekulé resonance structures (vide
infra). The p system was described by strictly atomic, non-orthogonal p-orbitals, which
                                                 
1 The geometries obtained at the RHF/6-31G level of theory are in excellent agreement with those
obtained at the RHF/6-31G* and B3LYP/6-31G* levels of theory [16]. In line are also the magnetic
properties calculated at the RHF/6-31G, RHF/6-31G* and B3LYP/6-31G* geometries, indicating
that the RHF/6-31G basis set gives an adequate description of the compounds.
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were optimised for benzene (vid  infra). The s core was taken from a preceding RHF/6-
31G calculation.
Nucleus Independent Chemical Shift (NICS) values in the ring centres [14] were
calculated using the Direct IGLO [13,21] program, at the RHF/6-31G geometry using the
IGLO-III basis set. The chemical shift shielding tensor is given as a sum of the
diamagnetic and paramagnetic part by the IGLO program.
2.2. Nomenclature of Valence Bond structures
Before considering the possible valence bond structures for pyrene (1) and its
cyclopentafused derivatives, the possibilities for benzene are presented. For benzene, five
covalent structures are possible. Two of these are represented by the Kekulé resonance
structures, in which the p bonds coincide with the s bonds. Three other covalent
structures exist, viz. the Dewar benzene structures. In these structures, two of the three p
bonds coincide with the s bonds, while the third p bond connects the opposite site of the
hexagon. The wave function of benzene is made up for more than 70% of the two Kekulé
resonance structures [18]. Thus the three Dewar benzene structures have only minor
contributions.
For pyrene (1) 1430 covalent structures can be generated. Only six structures
have all p bonds along the s bonds. These six structures are the Kekulé resonance
structures of pyrene. In the case of tetracyclopenta[cd,fg,jk,mn]pyrene (7), 208012
covalent structures can be generated. Only ten Kekulé resonance structures exist for this
molecule. It is expected that only the Kekulé resonance structures are important in the
description of these molecules and that the other structures can be ignored.
2.3. Choice of the p-orbitals
A VB calculation, in which the p-orbitals are optimised, is time consuming. For
example in the case of cyclopenta[cd]pyrene (2), it takes two orders of magnitude more
CPU time than a VB calculation with predetermined orbitals. The latter took 4 hours of
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CPU time on a SGI-R10K. Therefore, all VB calculations were performed with
predetermined (optimised for benzene) strictly atomic p-orbitals. To validate the
applicability of these frozen p-orbitals, they were also optimised for 2, viz. the smallest
molecule in this series with low symmetry (Cs). The results show that the structure
energies, their weights and the resonance energy (Eres) are only marginally affected (Table
1).
Table 1 The weights and energies of the Kekulé resonance structures of 2 calculated
using the benzene optimised p-orbitals and the optimised p-orbitals of 2
(Scheme 1).
Benzene optimised p-orbitals 2 optimised p-orbitals
Structure Weight E (a.u.) Weight E (a.u.)
2A 0.216 -686.845553 0.216 -686.845623
2B 0.189 -686.837622 0.189 -686.837677
2C 0.193 -686.833741 0.193 -686.833809
2D 0.240 -686.847528 0.240 -686.847621
2E 0.083 -686.802083 0.083 -686.802107
2F 0.079 -686.802020 0.079 -686.802076
Total E (a.u.)a -686.940798 -686.940936
Eres (kcal/mol) 58.53 58.56
aRHF/6-31G total energy of 2: -687.242053 a.u.
2.4. Partitioning of the resonance energy
Besides an estimate of the total resonance energy (Eres=Etot-Elowest), which is a
measure of the aromatic character of the compound, the VB calculations also provide
coefficients and interaction matrix elements of the individual resonance structures. This
enables the identification of the most important resonance interactions between Kekulé
resonance structures and in this way the most aromatic subsystems.
In order to analyse the individual contributions of different conjugated circuits to
the resonance energy, the H matrix has to be transformed to an orthogonal basis. Thus, the
structures are orthogonalised (Löwdin orthogonalisation [22]) nd the H matrix is
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transformed to this orthogonal basis, yielding H ^ . The total energy can then be
partitioned in the weighted diagonal contributions of the structures and the weighted
resonance contributions between them:
ååååå
>
^^^ +==
i ij
ijji
i
iiii
i j
ijji HccHccHccE 2 (1)
where ci is the coefficient of structure i in the wave function.
The sum of these resonance contributions is another measure of the resonance
energy (Emres); namely with respect to the weighted mean value of the energy of all
structures. This mean resonance energy is thus more negative (stabilising) than the
Pauling resonance energy (Eres) [15]. The E
m
res values for 1-7 follow the same trend as the
Eres values (Table 2). This means that E
m
res can serve as a measure for the resonance
energy Eres. The contribution to E
m
res of a particular interaction between two structures is
two times the weighted resonance contribution (^ijji Hcc2 ). The differences between a
pair of Kekulé resonance structures elucidate the conjugated circuit in which the p
electrons are delocalised by resonance.
3. Results and discussion
3.1. The RHF/6-31G geometries of the cyclopentafused pyrene derivatives
Whereas the optimised geometries of 1-6 were all found to be planar, that of 7 is
bowl-shaped (Figure 1). The planar geometry of 7 is the transition state for bowl-to-bowl
interconversion; an energy barrier of only 3.20 kcal/mol (RHF/6-31G level of theory;
RHF/6-31G* 3.8 kcal/mol; B3LYP/6-31G* 2.9 kcal/mol [16]) is found.
In pyrene (1) a short C5-C7 bond length of 1.34 Å (Figure 1a) is found. The bond
lengths in the biphenyl-like sub-structure are all ca. 1.40 Å, whereas the C4-C5 bond
length is substantially longer, viz. 1.44 Å. The RHF/6-31G geometry of 1 is in excellent
agreement with that found by a single-crystal X-ray analysis at 93 K [23] (Figure 1a).
Aromaticity of pyrene and its cyclopentafused congeners; resonance and NICS criteria
145
Cyclopentafusion has only a minor influence on the bond lengths of the pyrene sub-
structure (see for example cyclopenta[cd]pyrene (2), Figure 1b). For all five-membered
rings similar structural features are found, viz. typical single and double bond lengths of
ca. 1.49 Å and ca. 1.36 Å, respectively (Figures 1c-g).
Figure 1 Salient RHF/6-31G structural features of pyrene (1) (a) (experimental values
between parentheses [23]), cyclopenta[cd]pyrene (2) (b), dicyclopenta[cd,mn]-
(3) (c) and dicyclopenta[cd,jk]- (4) (d), dicyclopenta[cd,fg]-pyrene (5) (e),
triscyclopenta[cd,fg,jk]pyrene (6) (f), planar tetracyclopenta[cd,fg,jk,mn]pyrene
(7) (g) and a side-view on the equilibrium structure of tetracyclopenta-
[cd,fg,jk,mn]pyrene (h). Bond lengths are in Å and valence angles in °.
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3.2. Valence Bond description of pyrene (1)
The weights and relative energies of the Kekulé resonance structures A-F
(Scheme 1) of pyrene (1) are presented in Table 2. The larger weights of A-D compared to
those of E and F, indicate that A-D are more important in the VB description of 1. The
total resonance energy (Eres) of 1 equals -62.34 kcal/mol (Table 3), indicating a high
degree of stabilisation with respect to the most stable Kekulé resonance structure of 1.
Scheme 1 The structures of 1-7 and a schematic representation of their pyrene-type
Kekulé resonance structures.
The partitioning of the resonance energy (Table 4) reveals a large contribution of
-16.92 kcal/mol to the mean resonance energy (Emres) from the resonance interactions
between A«C, A«D, B«C and B«D. The resonance interaction between A and C
(Scheme 1) leads to a six p electron (benzene-like) conjugated circuit in the top six-
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membered ring of 1 (Scheme 2). Electron delocalisation within a six p electron conjugated
circuit in the top and bottom six-membered rings is further a consequence of the
resonance interaction between the structures A«D, B«C and B«D. The interactions
A«E and B«F (Schemes 1 and 2) lead to a conjugated circuit in the right and left
central six-membered ring, respectively, and have a contribution of -9.66 kcal/mol to
Emres. The sum of all E
m
res contributions of the resonance interactions within the top and
bottom six-membered rings is -67.68 kcal/mol (67.1%), while that of the central six-
membered rings is -19.32 kcal/mol (19.1%). Other resonance interactions, .g. A«F,
leading to a 14 p electron conjugated circuit (Schemes 1 and 2), are responsible for the
remaining part of Emres, and contribute to a lesser extent (13.8%) to the total resonance
energy.
Table 2 Weights of Kekulé resonance structures of compounds 1-7 and their relative
energy between parentheses (in kcal/mola, Scheme 1).
Compound A B C D E F
1 (D2h) 0.200
(0.00)
0.200
(0.00)
0.214
(0.71)
0.214
(0.71)
0.086
(21.99)
0.086
(21.99)
2 (Cs) 0.216
(1.24)
0.189
(6.22)
0.193
(8.65)
0.240
(0.00)
0.083
(28.52)
0.079
(28.56)
3 (C2v) 0.203
(0.00)
0.203
(0.00)
0.217
(0.47)
0.217
(0.47)
0.079
(26.49)
0.079
(26.49)
4 (C2h) 0.203
(7.81)
0.203
(7.81)
0.176
(16.62)
0.267
(0.00)
0.075
(36.52)
0.075
(36.52)
5 (C2v) 0.239
(0.00)
0.174
(11.50)
0.218
(6.20)
0.218
(6.20)
0.082
(33.50)
0.069
(35.93)
6 (Cs) 0.223
(0.75)
0.189
(6.52)
0.243
(0.00)
0.198
(7.90)
0.076
(34.26)
0.068
(36.23)
7 (D2h)
b 0.208
(0.00)
0.208
(0.00)
0.222
(0.13)
0.222
(0.13)
0.068
(35.19)
0.068
(35.19)
aEnergy of the Kekulé resonance structure with the lowest energy: 1A/B: -611.187290 a.u.; 2D: -
686.847528 a.u.; 3A/B: -762.485737 a.u.; 4D: -762.505755 a.u.; 5A: -762.505340 a.u.; 6C: -
838.142596 a.u. and 7A/B: -913.774319 a.u. bTransition state for bowl-to-bowl interconversion.
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Scheme 2 Resonance between the structures 1A and 1C, 1A and 1E and 1A and 1F,
leading to benzene-like resonance in the top six p electron, central six p electron
and 14 p electron conjugated circuits, respectively.
Table 3 Total energies of compounds 1-7 (a.u.) and their resonance energies (kcal/mol).
Compounda RHF VB Eres
b Emres
b Erel
c
1 (6) -611.555550 -611.286631 -62.34 -100.90
2 (6) -687.242053 -686.940798 -58.53 -101.10
3 (6) -762.918242 -762.584880 -62.21 -101.77 4.70
4 (7) -762.922606 -762.592661 -54.54 -101.49 1.96
4 (6) -762.922606 -762.592523 -54.45 -101.32
5 (7) -762.925727 -762.595225 -56.40 -101.79 0.00
5 (6) -762.925727 -762.595050 -56.29 -101.54
6 (8) -838.595341 -838.236025 -58.63 -102.68
7 (10) -914.259921 -913.873884 -62.48 -104.20
7 (6) -914.259921 -913.873345 -62.14 -103.44
aThe number of Kekulé resonance structures is indicated between parentheses. bFor compari on the
resonance energies of benzene, calculated with localised p-orbitals (6-31G basis set) and two
structures, are Eres = -27.74 kcal/mol and E
m
res = -44.16 kcal/mol. 
cCalculated at the RHF/6-31G
level of theory, in kcal/mol relative to the energy of 5.
A C A
A F
E
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Table 4 The contributions of the interactions between the orthogonalised structures to
the resonance energy (Emres) for pyrene (1) in kcal/mol [
^
ijji Hcc2 ].
A B C D E
B -0.08
C -16.92 -16.92
D -16.92 -16.92 0.29
E -9.66 -0.18 -3.20 -3.20
F -0.18 -9.66 -3.20 -3.20 -0.96
3.3. The effect of cyclopentafusion
In a previous study, it was shown that the aromatic stabilisation energies (ASE’s)
of the compounds 1-7 are all nearly equal [16], i.e. cyclopentafusion has no effect on the
resonance energy. This conclusion is confirmed by the VB calculations. The resonance
energy (both Eres and E
m
res) of the compounds 1-7 are all of the same magnitude (Scheme
1 and Table 3).
Upon the addition of externally fused five-membered rings, the weights of the
pyrene sub-structures are only marginally affected (Table 2). The contributions of the
different conjugated circuits to Emres show for all compounds the same trends; the six p
electron (benzene-like) conjugated circuits in the top and bottom six-membered rings
(A«C, B«D, A«D, B«C) have the highest contribution to Emres, independent of
cyclopentafusion. The energy of the Kekulé resonance structures is only moderately
affected by cyclopentafusion. The structures with the lowest number of formal double
bonds in the five-membered rings are energetically favoured (Table 2 and Scheme 1).
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Table 5 The contributions of the interactions between the orthogonalised structures to
the resonance energy (Emres) for cyclopenta[cd]pyrene (2), dicyclopenta[cd,mn]-
pyrene (3), dicyclopenta[cd,jk]- (4) and dicyclopenta[cd,fg]pyrene (5) in
kcal/mol [ ^ijji Hcc2 ].
Cyclopenta[cd]pyrene (2)
A B C D E
B -0.09
C -16.82 -15.68
D -18.32 -17.54 0.30
E -10.05 -0.18 -2.99 -3.37
F -0.19 -9.04 -2.93 -3.27 -0.87
Dicyclopenta[cd,mn]pyrene (3)
A B C D E
B -0.09
C -17.54 -17.00
D -17.00 -17.54 0.30
E -9.61 -0.19 -3.11 -3.14
F -0.19 -9.61 -3.14 -3.11 -0.81
Dicyclopenta[cd,jk]pyrene (4)
A B C D E F
B -0.08
C -15.65 -15.65
D -19.01 -19.01 0.31
E -9.32 -0.18 -2.71 -3.39
F -0.18 -9.32 -2.71 -3.39 -0.77
G -0.08 -0.08 -0.04 -0.13 -0.03 -0.03
Dicyclopenta[cd,fg]pyrene (5)
A B C D E F
B -0.09
C -18.58 -16.17
D -18.58 -16.17 0.31
E -10.63 -0.18 -3.16 -3.16
F -0.14 -8.13 -2.89 -2.89 -0.78
G -0.16 -0.03 -0.09 -0.09 0.01 -0.17
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The interactions between two Kekulé resonance structures with the lowest
number of double bonds within the five-membered rings have the largest contribution to
Emres. For example for 2, both the interactions A«D and B«C lead to benzene-like
resonance in the bottom six membered ring. The structures A and D have both one double
bond in the five-membered ring, while the structures B and C have two double bonds
(Scheme 1). The structures A and D have therefore a lower energy compared to structures
B and C (Table 2), and consequently their contribution to Emres is larger (Table 5). The
same reasoning also rationalises the differences between the contribution to Emres of the
resonance interactions within the central six-membered rings (Table 5 and Scheme 1).
Thus, the small differences in the contributions of similar conjugated circuits to Emres in
the series can be related to the energy differences between the Kekulé resonance
structures.
Scheme 3 The remaining Kekulé resonance structures of 4, 5, 6 and 7 with their weights
and their relative energies.
4G
0.001
(95.50)
5G
0.002
(95.93)
6G
0.002
(96.47)
6H
0.001
(94.69)
7G
0.001
(92.71)
7H
0.001
(92.71)
7I
0.001
(95.51)
7J
0.001
(95.51)
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In addition to the six pyrene sub-structures, compounds 4-7 sses the Kekulé
resonance structures depicted in Scheme 3. However, their contribution to Emres is only
small; they have negligible weights. Further support for the marginal influence of these
resonance structures on Eres and E
m
res comes from VB calculations performed for 4, 5 and
7 with only the inclusion of the pyrene sub-structures. A decrease of Eres of onlyca. 0.4
kcal/mol is observed (Table 3) and the structure weights are unaffected. Hence, all
compounds should be seen as substituted pyrene derivatives.
3.4. Resonance energy (Eres) as a measure of stability?
The relative energy of the isomers 3-5 and their resonance energy are presented
in Table 3. As noted previously [16], the relative stability order of 5>4>3 does not follow
the trend in the order of the resonance energy (Eres) of 3>5>4.
A comparison of the energies of the most stable Kekulé resonance structures
(Scheme 1 and Table 2) of 3-5 shows that the energy of the most stable structure of 3
(A/B) is 12.3 kcal/mol higher than that of 5 (A). The energy difference between 4D and
5A is only -0.26 kcal/mol. Since 3-5 contain the same number of p electrons the
significant energy difference between 3A/B a d 5A has to originate from the skeleton.
The strain energy for these isomers has been deduced from homodesmotic
reactions and distorted cyclopenta[cd]pyrene isomers, fixed in a geometry to match those
of 3-5 [16], The strain energy of 3 is 5.2 kcal/mol higher than that of 5.
Thus, the relative stability of the dicyclopentafused-pyrene isomers cannot be
deduced from a consideration of the resonance energy alone (see also reference [24]).
3.5. Magnetic properties versus the Valence Bond results
Magnetic properties of polycyclic aromatic compounds are frequently used as
aromaticity criteria [10,14]. The NICS values calculated at the ring centres for the
compounds 1-7 are depicted in Scheme 4. Large negative NICS values are found for the
top and bottom six-membered rings. The NICS values for these rings are shifted 10 ppm
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upfield with respect to the NICS values of the central six-membered rings, which is in line
with the resonance criterion, derived above.
Scheme 4 The NICS values of compounds 1-7 at the ring centres.
Upon the addition of externally fused five-membered rings, the NICS values at
the ring centres suggest a reduction of the aromatic character in this series. The resonance
criterion (both Eres and E
m
res), however, does not suggest that the aromatic character of 1-7
decreases. To resolve this apparent discrepancy, one should consider the origin of the
NICS criterion. Kutzelnigg et al. [13] showed that in the case of D6h benzene, the
paramagnetic contribution to the out-of-plane component of the magnetic susceptibility
due to the p electrons vanishes, if the gauge origin is chosen in the ring centre. This
concept was extended and referred to as the Nucleus Independent Chemical Shift (NICS)
[14]. The diamagnetic contribution of the chemical shielding tensor perpendicular to the
molecular framework (NICSd^) is indicative for the induced ring currents. For benzene,
the NICS and the NICSd^ are equal. Unfortunately, for systems that do not possess this
high symmetry, the paramagnetic contribution does not vanish and NICSd^ may deviate
from the total NICS value. In order to get an estimate of the induced ring current when
applying an external magnetic field, the NICSd^ values should be considered. In addition,
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for a meaningful comparison of different NICSd^ values, the gauge origins should be
comparable, as the diamagnetic and paramagnetic contributions are gauge dependent,
while the total shielding is not. As a result of the gauge dependence, the meaning of
absolute NICSd^ values has disappeared, and the NICS
d
^ values can only be used for
comparing the aromatic character of similar rings of different molecules.
Scheme 5 The diamagnetic part of the shielding tensor perpendicular to the molecular
plane (NICSd^) of the NICS values of compounds 1-7 calculated at the ring
centres. The gauge origins of the localised MO’s are chosen as the charge
centroids of all drawn bonds. A single line denotes a LMO in the plane of the
molecule and a double line denotes two banana bonds, one above and one below
the plane of the molecule.
The IGLO procedure requires localised molecular orbitals (LMO’s). These
LMO’s are indicated by all drawn bonds in Scheme 5. The employed localisation
procedure allows s/p mixing, resulting in banana bonds for double bonds. The gauge
origins in our IGLO calculations are chosen as the charge centroids of these LMO’s.
Several subgroups with comparable gauge origins can be identified. The gauge origins for
the top and bottom six-membered rings are evenly distributed. The values of the NICSd^
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of these six-membered rings are of equal magnitude (Scheme 5), in line with the
resonance criterion. The gauge origins are not comparable for the central six-membered
rings and the five-membered rings, as the number of endo-cyclic double bonds, of which
the charge centroids are chosen as the gauge origins, is not the same for all rings. The
central six-membered rings can be divided into three subgroups and the five-membered
rings into two, according to the number of endo-cyclic double bonds. The first subgroup
of the central six-membered rings is composed by the right ring of 1, the left ring of 2, the
right ring of 6 and the left ring of 7, all containing three endo-cyclic double bonds. The
subgroup of two endo-cyclic double bonds contains the right ring of 3 and both central
rings of 5. The last subgroup of one endo-cyclic double bond consists of the right ring of 2
and the left rings of 4 and 6. In a similar way, the five-membered rings of 2, 4, 5 and the
left ring of 6 can be grouped together and those of 3 and7 and the right rings of 6. The
NICSd^ values of the rings within each subgroup have comparable magnitudes (Scheme
5). From this point of view, the magnetic criteria also suggest that cyclopentafusion does
not affect the aromatic character of the pyrene skeleton in line with Eres and E
m
res.
It can therefore be concluded that the diamagnetic part of the chemical shielding
tensor of the NICS values perpendicular to the molecular framework is indicative for
resonance in a particular ring, but for comparing these values, equivalent gauge origins
should be ensured. Hence, a comparison of total NICS values should be cautiously
applied.
3.6. The Valence Bond results in relation to the empirical models
Since the contributions to the resonance energy for electron delocalisation around
the ring perimeter are negligible, no support for Platt’s ring perimeter model [3] is found.
For example, the contribution to Emres from resonance between the structures 5A and 5G
(Schemes 1 and 3) is only -0.16 kcal/mol (Table 5).
The VB calculations show that the Kekulé resonance structures with the
maximum number of aromatic sextets have the lowest energy. The resonance interactions
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in these sextets have the largest contribution to the resonance energy, in line with Clar’s
model [4].
The resonance energies obtained for this series using the conjugated circuits
model are not in agreement with those obtained from the VB calculations (Table 6). The
differences in resonance energy of these compounds are a consequence of the existence of
[4n] p electron conjugated circuits, according to the conjugated circuits model. In
contrast, the VB calculations show that for all compounds only the pyrene sub-structures
are important. Thus the assumption of equal importance of all conjugated circuits leads to
substantial errors in the derived resonance energy.
Table 6 Resonance energy (kcal/mol) of the compounds 1-7 as estimated from the
conjugated circuits model.
Compound Resonance Energya Resonance Energy
1 12R(1)+8R(2)+6R(3)/6 -49.95
2 12R(1)+8R(2)+6R(3)/6 -49.95
3 12R(1)+8R(2)+6R(3)/6 -49.95
4 12R(1)+8R(2)+6R(3)+12Q(4)/7 -40.45
5 12R(1)+8R(2)+6R(3)+2Q(3)+8Q(4)+2Q(5)/7 -40.24
6 12R(1)+8R(2)+6R(3)+4Q(3)+20Q(4)+2Q(5)/8-32.28
7 12R(1)+8R(2)+6R(3)+12Q(3)+28Q(4)+4Q(5)/10 -21.95
aR(n) and Q(n) represent [4n+2]-, with n=1,3 and [4n], with n=1,5 p-electron conjugated circuits,
respectively. The Eresvalues of R(n) and Q(n) were taken from reference [6] [stabilisation is denoted
by a negative contribution to the resonance energy; R(1) -20.04 kcal/mol, R(2) -5.67 kcal/mol; R(3)
-2.31 kcal/mol; Q(1) 36.90 kcal/mol; Q(2) 10.38 kcal/mol; Q(3) 3.46 kcal/mol and Q(4) 1.38
kcal/mol. Q(5) is assumed to be 0.00 kcal/mol].
4. Conclusions
VB calculations with the inclusion of all Kekulé resonance structures on the
cyclopentafused pyrene derivatives show that cyclopentafusion has only a modest effect
on their resonance energies (both Eres and E
m
res), in line with their aromatic stabilisation
energies. Only small differences in weights of the pyrene sub-structures are found. The six
Chapter 8
158
p electron (benzene-like) conjugated circuits have the largest contribution to the resonance
energy. The contributions to the resonance energy of these six p electron conjugated
circuits are of nearly equal magnitude within this series. Cyclopentafusion only affects the
energies of the pyrene sub-structures. Kekulé resonance structures in which the five-
membered rings participate in p electron delocalisation are unimportant, in line with
Clar’s model of aromatic hydrocarbons.
Care should be taken in comparing the aromatic character of rings of different
molecules by considering the total NICS values. The diamagnetic part of the shielding
tensor perpendicular to the molecular framework is nearly constant throughout the series,
provided that similar gauge origins are chosen.
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Chapter 9
Dis-rotatory versus con-rotatory
electrocyclic ring opening of Dewar
benzene. The con-rotatory pathway is
preferred and does not involve trans-
benzene.†
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Abstract: For the electrocyclic ring opening of Dewar benzene (2) i to b nzene (1) both a
dis-rotatory and con-rotatory pathway with distinct transition states, TS1 and TS2,
respectively, are found at the CASSCF(10,10)/6-311G** level of theory. The importance
of the CASSCF(10,10) active space for the proper description of TS1 and TS2 is
illustrated by similar calculations using a smaller active space, viz. CASSCF(2,2),
CASSCF(4,4) and CASSCF(6,6). Although TS2 represents a true saddle point, TS1
appears to be a higher order saddle point at these levels of theory. Single-point multi-
reference SDCI (MRCI) calculations at the CASSCF(10,10)/6-311G** geometries and
natural orbitals were performed at all stationary points to obtain more reliable total
energies. In contrast to common believe, TS2 lies below TS1 (by 6.62 kcal/mol), i.e. the
con-rotatory process is favoured. Moreover, CASSCF(10,10)/6-311G** Intrinsic
Reaction Coordinate (IRC) calculations show that upon con-rotatory electrocyclic ring
opening 2 does not give the extraordinarily strained trans-b nzene (3), i.e. cis, cis, trans-
cyclohexa-1,3,5-triene. The conversion of 3 nto 1 and vice versa is a distinct process on
the C6H6 potential energy surface.
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1. Introduction
Among the theoretical concepts, which relate organic reaction mechanisms and
stereochemistry that of pericyclic reactions developed by Woodward and Hoffmann has
revolutionised chemistry [1-9]. This is illustrated by a quotation from their review:
"…..nor can violations be expected of so fundamental a principle of maximum bonding.
All the more is it then important to give consideration to some reactions, which might
appear on casual inspection to contravene orbital symmetry conservation……" A seminal
example of a violation is the isomerisation of Dewar benzene (2) to b zene (1) [9].
Thermally allowed con-rotatory electrocyclic ring opening of 2 was predicted to give the
extraordinarily strained cis, cis, trans-1,3,5-cyclohexatriene, viz. trans-benzene (3)
[1,5,6,9]. Hence, the thermal stability of 2, which is ca. 70 kcal/mol less stable than 1, is
generally explained by invoking that isomerisation of 2 in o 1 has to occur viaa thermally
forbidden dis-rotatory pathway.
Recently this view was challenged. In a paper, in which the two modes of
electrocyclic ring opening of 2 into 1 were studied at the ab initio Generalised Valence
Bond level of theory with one pair (GVB) using a 6-31G* basis set [10,11], th  commonly
accepted C2v transition state for the dis-rotatory pathway was found to be a second-order
saddle point [two imaginary frequencies (nimag=2); -613.7 and -402.6 cm
-1]. Instead a Cs
transition state (nimag=1; -486.1 cm
-1) positioned 3.7 kcal/mol below the C2v saddle point
was identified, as expected for the thermally allowed con-rotatoryelectrocyclic ring
opening of 2! To establish if the con-rotatory pathway connects 2 either to 3 [1,5,6,9] or
directly to 1, RHF/3-21G and GVB/3-21G intrinsic reaction coordinate (IRC) calculations
were done. Whereas at the RHF/3-21G level 2 con rted into 3 and subsequently into 1, at
the GVB/3-21G level 2 gave 1 without the clear-cut intermediacy of 3 [10,11].
To shed light on this important issue we have performed ab initio calculations
using a 6-311G** [12] basis set and the largest complete active space (CAS) [13]
currently computationally feasible to assure that diradical character will be properly
accounted for in the case of symmetry-forbidden reactions. To ensure that the conversion
from 1 into 2 and possibly that of 2 into 3 [11] are continuously described at the CASSCF
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level ten molecular orbitals (MO’s) were chosen for the CASSCF active space
[CASSCF(10,10)]. In the case of 1 the CASSCF active space comprises the five highest
occupied MO’s, i.e. the p(au) MO, the two degenerate s(eg) MO’s and the two degenerate
p(eg) MO’s. Along the reaction pathway connecting 1 and 2 bent benzene analogues are
envisaged in which s MO’s and p MO’s will mix. Hence, the use of smaller CASSCF
active spaces may give erroneous results (vide infra).
2. Computational details
Stationary points were identified at the CASSCF(10,10)/6-311G** level
(hereafter [CAS]) taking into consideration ten molecular orbitals (MO’s) and ten
electrons using GAMESS-UK [14]. The ten MO’s, viz. five from the occupied and five
from the virtual space, were chosen to include at least all three occupied p-MO’s and two
s-MO’s in the case of 1. Subsequently, single-point multi-reference SDCI (MRCI)
[15,16] calculations at the CASSCF(10,10)/6-311G** geometries and natural orbitals
(hereafter [+MRCI]) were performed to include dynamical correlation energy and, hence,
to obtain more reliable total energies. In the [+MRCI] calculations all valence electrons
are active in the CI space and all doubly excited CASSCF configurations are taken as
references. The single-point [+MRCI] total energies are corrected for size consistency
errors by the Davidson method [17,18].
The CASSCF(10,10)/6-311G** transition states TS1 and TS2 for the dis-
rotatory and con-rotatory electrocyclic ring opening of 2 into 1, respectively, were also
located at the CASSCF(2,2)/-, CASSCF(4,4)/- and CASSCF(6,6)/6-311G** level of
theory in order to verify if TS1 and TS2 are true transition states upon use of a smaller
CASSCF active space.
Magnetic susceptibilities (c), absolute shieldings (s) and Nucleus Independent
Chemical Shifts (NICS) [19] for 1 and 3 were calculated at the CASSCF(10,10)/6-
311G** geometries using the Direct IGLO method [20] and the IGLO III basis set [21].
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3. Results and discussion
3.1. The CASSCF active space
Although for a proper description of the dis-rotatory electrocyclic ring opening
of 2 into 1 a CASSCF(2,2) active space should suffice, it was shown in the original paper
that at the GVB/6-31G*, i.e. CASSCF(2,2)/6-31G*, level of theory the C2v transition state
(TS1) represents a higher order saddle point (nimag=2) whereas the con-rotatory transition
state (Cs, TS2) was a true saddle point (nimag=1) [11]! Therefore, we were prompted to
study the character of TS1 and TS2 as a function of the size of the CASSCF active space.
To this end TS1 and TS2 were located with a CASSCF(2,2), CASSCF(4,4),
CASSCF(6,6) and CASSCF(10,10) active space using the 6-311G** basis set. The con-
rotatory (Cs, TS2) transition state was found to be a true saddle point (nimag=1) at all these
levels of theory. In line with the CASSCF(2,2)/6-31G* results [11], the dis-rotatory (C2v,
TS1) transition state proved to be a higher order saddle point at the CASSCF(2,2)/- and
CASSCF(4,4)/6-311G** levels of theory with nimag=2 and nimag=2, respectively. It is
noteworthy, that at the CASSCF(6,6)/6-311G** level of theory, a symmetry broken
solution exists (C2v to C1) for TS1. This indicates that a CASSCF(6,6) wave function is
insufficient for the description of this saddle point. As will be discussed in detail below,
true transition states were readily located at the CASSCF(10,10)/6-311G** [CAS] level of
theory for the dis-rotatory (C2v, TS1) and con-rotatory (Cs, TS2) electrocyclic ring
opening of 2 into 1. This underlines the importance of the size of the active space for a
proper description of the interconversion of 2 into 1 and vice versa.
3.2. Benzene (1), Dewar benzene (2) and trans-benzene (3)
The [CAS] geometries of 1 and 2 are presented in Figure 1 (see Table 1 for
[CAS] and [+MRCI] total energies). It is noteworthy that [CAS] 1 calculated in D6h
symmetry possesses three imaginary frequencies (nimag=3), which upon symmetry
breaking from D6h to D2h disappear (nimag=0). Notwithstanding, the [+MRCI] energy
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difference between D6h 1 and D2h 1 is only 0.00007 a.u., viz. 0.04 kcal/mol. For 1 an
active space of ten MO’s is clearly not well balanced! This exemplifies the problem of
describing a potential energy surface with one CASSCF active space. It is substantiated by
a CASSCF(6,6)/6-311G** calculation of D6h 1 in which only p MO’s are in the active
space (nimag=0). Notwithstanding, the [CAS] geometry of 1 is only slightly affected by this
artificial symmetry breaking. Carbon-carbon bond length differences of 0.02 Å are found
(1.39 Å vs. 1.41 Å), while the valence angles deviate only ca. 0.5° from the ideal 120°
(Figure 1).
Figure 1 [CAS] structures of benzene (1, D2h) and Dewar benzene (2, C2v) (bond lengths
in Å, valence and dihedral angles in °).
With the exception of the sp3-sp3 carbon-carbon single bond length C(1)-C(4),
which is calculated to be ca. 0.04 Å longer, the [CAS] geometry of C2v 2 is in good
agreement with experimental data obtained by electron diffraction [22]. Furthermore in
line with expectation [10,11,23-25], 2 is 76.36 kcal/mol ([+MRCI]) less stable than 1.
According to the Woodward and Hoffmann rules [1,5,6,9] con-rotatory
electrocyclic ring opening of 2 gives the highly strained trans-benzene (3) as the initial
product. The latter, due to its strained character is expected to isomerise to 1 by p-bond
rotation [10,11]. Hence, 3 was located at the [CAS] level of theory. Compound 3 (C2
symmetry) was identified as a [CAS] local minimum and shown to be positioned 22.94
kcal/mol and 99.30 kcal/mol ([+MRCI]) above 2 and 1, respectively (Table 1). In line
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with available data [11], considerable bond length alternation is found in its carbon
framework; for the sp2-sp2 carbon-carbon single bonds values of 1.50 Å [C(1)-C(2)] and
1.49 Å [C(3)-C(4) and C(5)-C(6)], and for the sp2-sp2 carbon-carbon cis-double bonds
[C(1)-C(6) and C(2)-C(3)] a value of 1.36 Å was found. In contrast the carbon-carbon
trans-double bond [C(4)-C(5)] is considerably longer, viz. 1.41 Å. The dihedral angle
H(10)-C(4)-C(5)-H(11) is -179.0°, i.e. H(10) and H(11) of the trans-double bond C(4)-
C(5) are close to anti-periplanar (Figure 2). According to the [+MRCI] natural orbital
occupations of 1.83 and 0.16 electrons found for 3, it represents a closed shell species
despite its strained character.
Figure 2 [CAS] structure of cis, cis, trans-1,3,5-cyclohexatriene (3, C2) (bond lengths in
Å, valence and dihedral angles in °). a) top view; b) side view.
Since benzene (1) represents the archetypal aromatic compound possessing a ring
current, it is of interest to compare the magnetic properties of 1 with hose of 3. Recently,
it was proposed that the Nucleus Independent Chemical Shifts (NICS) [19] at the ring
centre and 0.5 Å above the plane are valuable probes for aromaticity. IGLO calculations
[IGLO/basis III//CASSCF(10,10)/6-311G**] [21 revealed that 1 and 3 have markedly
different magnetic properties. The calculated magnetic susceptibilities (c) sugges  that 3,
in contrast to 1, does not possess a ring current [c: 1, out-of-plane component czz -107.5
(exp. -94.6 [21]) and average in-plane component cip=1/2(cxx+cyy) -39.2 (exp. -34.9 [21])
ppm cgs and 3, out-of-plane component czz -49.6 and average in-plane component
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cip=1/2(cxx+cyy) -33.6 ppm cgs] [21], and is thus non-aromatic. This is further
corroborated by the NICS [19] values calculated [IGLO/basis III//CASSCF(10,10)/6-
311G**] [21] at the ring centres of 1 (NICS -9.9, aromatic) and 3 (NICS -0.9, non-
aromatic). The NICS values 0.5 Å above the plane leads to a similar conclusion (1 NICS -
11.5, aromatic and 3 NICS -2.0, non-aromatic).
3.3. Isomerisation of trans-benzene (3) into benzene (1)
For the isomerisation of 3 into 1 a [CAS] transition state (TS3; C2 symmetry)
which corresponds to p-bond rotation [11] along C(4)-C(5) could be located. In going
from 3 to TS3, the bond length of the trans-double bond [C(4)-C(5)] increases from 1.41
Å to 1.49 Å and the dihedral angle H(10)-C(4)-C(5)-H(11) changes from -179.0° into
147.9° (Figures 2 and 3). An [+MRCI] activation barrier of 8.03 kcal/mol was found
(Table 1), which is higher than the CASSCF(6,6)/6-31G* estimate (2.95 kcal/mol) [11],
but lower than the related barrier for the isomerisation of trans- t  cis-cyclohexene (range
10-15 kcal/mol [18,26]). Since upon p-bond rotation the HOMO and LUMO interchange,
TS3 is expected to possess diradical character. Indeed, [+MRCI] natural orbital
occupations of 1.29 and 0.70 electrons were found.
Figure 3 [CAS] structure of the transition state connecting cis, cis, trans-1,3,5-
cyclohexatriene and benzene (TS3, C2) (bond lengths in Å, valence and dihedral
angles in °). a) top view; b) side view.
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Table 1 [CAS] and [+MRCI] total energies and [+MRCI] energy differences (DE) for
the dis-rotatory and con-rotatory electrocyclic ring opening, respectively, of 2,
and the p-bond rotation of 3 to 1.
Compounds (point group) [CAS]a nimag
b [+MRCI]a DEc
Minima
benzene (1, D2h)
d -230.878640997 0 -231.590344665 0.00
Dewar benzene (2, C2v) -230.717796389 0 -231.468665814 76.36
trans-benzene (3, C2) -230.707764963 0 -231.432103408 99.30
Transition states
dis-rotatory TS1 (C2v)
e -230.671378734 1 (-633) -231.406164496115.58
con-rotatory TS2 (Cs) -230.699415546 1 (-530) -231.416716700108.96
p-bond rotation TS3 (C2) -230.699597450 1 (-606) -231.419307232107.33
IRC point (Cs)
f
H(10)-C(4)-C(5)-H(11) 122.1° -230.705304129 1 (-105) -231.419537430107.18
a[CAS] and [+MRCI] total energies (in a.u.) are uncorrected for zero-point motion (see Text). bnimag;
number of imaginary frequencies (values in cm-1 between parentheses). cDE; relative [+MRCI]
energies (in kcal/mol) with respect to 1. dSee Text. eFor TS1 symmetry-breaking from C2v (nimag=1;
-633 cm-1) to C2 (nimag=1; -641 cm
-1) occurs at the [CAS] level. However, their [+MRCI] energy
difference is only 0.0013 a.u., viz. 0.82 kcal/mol (see Text for [CAS] D6h 1)
d. f[+MRCI]; natural
orbital occupations, 1.60 and 0.39; See also Text.
3.4. Dis-rotatory versus con-rotatory electrocyclic ring opening of Dewar benzene (2)
into benzene (1)
At variance with the previous GVB/6-31G* results, which gave for the dis-
rotatory pathway a C2v second-order saddle point [11], a proper [CAS] C2v transition state
[TS1; nimag=1, -633 cm
-1 (Figure 4, Table 1 and section “The CASSCF active space”)
could be located. In agreement with its symmetry-forbidden character [1,5,6,9], TS1
possesses diradical character ([+MRCI]; natural orbital populations, 1.40 and 0.51
electrons). From consideration of the symmetries of the CASSCF MO’s, it follows that
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the orbital crossing occurs after the transition state TS1 is passed [10]. The imaginary
frequency corresponds to a dis-rotatory electrocyclic ring opening; TS1 connects 2 to 1
with an [+MRCI] activation barrier of 39.22 kcal/mol [Table 1; experiment: range 25-36
kcal/mol [23-25]].
Figure 4 [CAS] structure of the transition state for the dis-rotatory electrocyclic ring
opening of Dewar benzene (TS1, C2v) (bond lengths in Å, valence and dihedral
angles in °). a) top view; b) side view.
Subsequently, the [CAS] transition state for con-r tatory electrocyclic ring
opening of 2 was located. A proper Cs t ansition state (TS2; nimag=1; -530 cm
-1) was found
positioned 32.60 kcal/mol [+MRCI] above 2, but 6.62 kcal/mol [+MRCI] below TS1
(Figure 5 and Table 1). Moreover, the [+MRCI] natural orbital occupations of 1.78 and
0.21 electrons indicate that TS2 is a closed shell species. In analogy to TS1, also in the
case of TS2 orbital crossing takes place after the transition state is passed. Its imaginary
frequency corresponds to the con-rotatory movement of H(7) and H(10); C(1) and C(4)
move into the direction of the plane determined by C(2), C(3), C(5) and C(6).
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Figure 5 [CAS] structure of the transition state for the con-rotatory electrocyclic ring
opening of Dewar benzene (TS2, Cs) (bond lengths in Å, valence and dihedral
angles in °). a) top view; b) side view.
To determine if TS2 connects either 2 to 3 or 2 directly to 1, [CAS] IRC
calculations were performed; the change of the dihedral angle H(10)-C(4)-C(5)-H(11) was
followed. If TS2 with H(10)-C(4)-C(5)-H(11) 113.2° goes to 3, this dihedral angle has to
change into -179.0° (Figure 2). However, without symmetry-breaking from Cs to C2,
H(10)-C(4)-C(5)-H(11) increases from 113.2° to 122.1° and, subsequently, smoothly
decreases to 0°, i.e. TS2 connects 2 directly to 1! This is supported by an analysis of the
force matrix at the IRC point with H(10)-C(4)-C(5)-H(11)=122.1° {[+MRCI] energy
positioned 7.88 kcal/mol above 3 and 0.15 kcal/mol below TS3 (Figure 6 and Table 1)}.
One imaginary frequency (nimag=1; -105 cm
-1) is found, which corresponds to the
movement of C(1) and C(4) towards the plane determined by C(2), C(3), C(5) and C(6).
The movement of H(7) and H(10), viz. the change of dihedral angle H(10)-C(4)-C(5)-
H(11), required for the conversion of TS2 to3 corresponds to a positive vibration (382
cm-1) and thus represents an energetically uphill process.
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Figure 6 [CAS] structure of the IRC point (Cs) with dihedral angle H(10)-C(4)-C(5)-
H(11) 122.1° (bond lengths in Å and valence and dihedral angles in °). a) top
view; b) side view.
4. Conclusions
For the electrocyclic ring opening of 2 b th dis-rotatory and con-rotatory
pathways with distinct transition states TS1 and TS2, respectively, are accessible at the
CASSCF(10,10)/6-311G** [CAS] level of theory. The importance of the size of the
CASSCF active space with regard to the proper description of especially TS1 and TS2 is
illustrated by the systematic evaluation of the character of TS1 and TS2 located with
CASSCF(2,2), CASSCF(4,4), CASSCF(6,6) and CASSCF(10,10) active spaces,
respectively. With these smaller active spaces TS2 represents a true saddle point, whereas
TS1 is calculated to be a higher order saddle point. In contrast to common believe, the
con-rotatory pathway is favoured, i.e. TS2 lies 6.62 kcal/mol ([+MRCI]) below TS1.
Moreover, IRC calculations show that con-rotatory electrocyclic ring opening converts 2
directly into 1. Consequently, the conversion of 3 i t  1 represents a distinct process on
the C6H6 potential energy surface.
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1. The predictive power of ab initio theory
In the previous chapters, various predictions have been put forward about the
properties and reactivity of molecules. In the mean time, experiments have been
conducted to verify these predictions. In this chapter, these recent results are summarised
and compared to the predictions done in the preceding chapters.
1.1. The UV spectra of anti- and syn-4,4’-di-tert-butyl-bicyclohexylidene
In chapter 5, the UV spectrum of syn-1,1’-bicyclohexylidene (syn-1a) is
predicted to be different from that of anti-1,1’-bicyclohexylidene (anti-1b). It is argued
that the origin of their different spectroscopic properties must be found in the differences
between the unoccupied molecular orbitals. The occupied molecular orbitals of both
compounds are similar, so we expect the same PES data and different UV spectra.
Anti- (anti-2a) and syn-4,4’-di-tert-butyl-bicyclohexylidene (syn-2b) have been
synthesised, according to literature procedures [1], and their PES and UV spectrum have
been recorded. The PES spectrum of the anti andsyn conformer (shown in Figure 1) are
indeed identical [2]. Their UV spectra (solvent n-hexane), shown in Figure 2, are
markedly different. For anti-4,4’-di-tert-butyl-bicyclohexylidene (anti-2a), two bands are
observed at 217.5 nm (5.7 eV) and 193.7 nm (6.4 eV), while for the syn-conform r (syn-
2b) only one band is observed at 210.1 nm (5.9 eV), in accordance with the b initio
MRDCI calculations. The calculated oscillator strengths are not expected to be in accord
with the experimental ones, as only a modest 6-31G basis set was used in the calculations.
It should be noted that the observation of the high-energy (low wavelength) absorptions is
on the borderline of the possibilities, i.e. the solvent also absorbs in this region. Therefore,
it is desirable that the gas-phase UV spectra using EELS (see for example [3]) should be
recorded for these compounds.
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Figure 1 The PES spectra of anti- and syn-4,4’-di-tert-butyl-bicyclohexylidene [2].
Figure 2 The UV solution spectra of anti- (anti-2a) and syn4,4’-di-tert-butyl-
bicyclohexylidene (syn-2b, solvent: n-hexane).
1.2. Is trans-benzene a Möbius benzene?
According to the results, described in chapter 9, the unknown cis, cis, trans-
1,3,5-cyclohexatriene (trans-benzene, 3 see Figure 2 of Chapter 9) is a stationary point at
the C6H6 potential energy surface. It was often suggested that trans-benzene has the
topology of a Möbius benzene [4-6], since its p-orbitals are rotated with respect to each
other in the Heilbronner sense [7]. However, both the magnetic properties (NICS -0.9, see
Chapter 9) and the p molecular orbital topology of trans-benzene (butadiene-like and a
syn-2b
H H
t-butt-but
anti-2a
t-but
t-but H
H
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distorted ethene-like p bond) indicate that tr ns-benzene does not represent a Möbius
benzene [8].
1.3. The electrocyclic ring opening of 1-chlorobicyclo[2.2.0]hexadiene and 1,4-
dichlorobicyclo[2.2.0]hexadiene
In chapter 9, the results of our calculations reveal that the thermal electrocyclic
ring opening of Dewar benzene can proceed via both the dis-rotatory (TS1) and the con-
rotatory transition state TS2, in contrast to previous contentions based upon the
Woodward and Hoffmann rules [9]. The con-rotatory transition state (TS2) lies 6.6
kcal/mol below the dis-rotatory transition state (TS1), and will thus be preferred. The
accessibility of two distinct reaction pathways suggests that the substitution pattern at the
carbon atoms C(1) and C(4) of Dewar benzene (see Figure 1 of Chapter 9) can affect the
reaction path and thus the reaction kinetics. Indeed a large difference in reaction kinetics
has been found for electrocyclic ring opening of 1-chlorobicyclo[2.2.0]hexadiene (4) and
1,4-dichlorobicyclo[2.2.0]hexadiene (5) [10]. Whereas compound 4 rearranges at room
temperature, compound 5 requires heating. For 4 and 5 an activation enthalpy of 19.1
kcal/mol and 30.5 kcal/mol, respectively, is found. This difference could not be explained
if only the dis-rotatory pathway is operational.
Calculations at the MRCI/6-311G**//CASSCF(6,6)/6-311G** level of theory
show that 4 follows a con-rotatory pathway (via TS4, nimag=1, -406.0 cm
-1, see Figure 3),
while 5 follows the dis-rotatory (via TS5, nimag=1, -673.0 cm
-1, see Figure 3) pathway [11]
(see Scheme 1). No dis-rotatory transition state could be located for 4 and no con-rotatory
transition state exists for 5. Hence, these calculations indeed strongly suggest that the
substitution pattern of the C(1)-C(4) bond markedly affects the reaction coordinate.
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Scheme 1 The relative energies (kcal/mol) of the electrocyclic ring opening reactio s of 1-
chlorobicyclo[2.2.0]hexadiene (4) and 1,4-dichlorobicyclo[2.2.0]hexadiene (5).
Figure 3 The transition states for the ring opening of the chloro substituted Dewar
benzenes. (a) the con-rotatory TS4, connecting 4 with monochlorobenzene, (b)
the dis-rotatory TS5, connecting 5 with 1,4-dichlorobenzene.
The activation energy for the conversion of 4 nto 1-chlorobenzene (calculated
29.97 kcal/mol, see Scheme 1; experimental 19.1 kcal/mol [ 0]) is indeed lower than that
ClCl
ClCl
ClCl
(4) 77.81
TS4 107.78
(6) 0.00
(5) 71.33
TS5 108.21
(7) 0.00
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for Dewar benzene into benzene (calculated 32.60 kcal/mol, see Table 1, Chapter 9;
experimental 23.0 kcal/mol [10]). A Mulliken population analysis shows that no radical
charge redistribution occurs upon the introduction of the chloro-atom. Thus, mixing with a
charge-transfer state, as suggested earlier [10], to stabilise TS4 does not occur. In
addition, the C(1)-C(4) distance is not affected by chloro-substitution (see Figure 5 of
Chapter 9), and TS4 possesses the same biradical character as TS2 according to the
natural orbital populations (TS4: 1.73 and 0.26 electrons; TS2: 1.78 and 0.21 electrons).
For TS5, the C(1)-C(4) distance (2.19 Å) is shortened compared to that of TS1
(2.30 Å, see Figure 4 of Chapter 9). Similar to TS1, TS5 possesses biradical character,
viz. TS5 has natural orbital occupations of 1.50 and 0.49. The activation energy is 36.88
kcal/mol. This calculated value of the activation energy is 6.91 kcal/mol higher than that
found for the reaction of 4, in reasonable agreement with the experimental value of 11.4
kcal/mol [10]. Hence, the difference in reaction kinetics presumably originates from the
difference in reaction path.
2. Outlook
The examples in the previous section, where some of the predictions, made in
this thesis, were verified, further show that ab initio theory is indeed a valuable and
reliable tool for the survey of ground- and excited states of large organic molecules and of
potential energy surfaces. This thesis shows that the application of quantum chemistry in
organic chemistry has a promising future; real problems, originating in the laboratory, can
be solved or rationalised by calculations if performed at an adequate level.
The development of applied quantum chemistry in organic chemistry is
dependent on the computer technology. Until recently, the computer industry focused on
the speed of individual CPU’s. Currently, there is a shift towards the development of large
massively parallel machines with huge amounts of memory and disk space. Hence,
methods that can easily be parallelised, are the methods of the future. Examples of these
methods are Hartree-Fock, DFT, CCSD(T) and valence bond methods. Probably Hartree-
Fock will not be the most frequently used method in the future; Hartree-Fock theory
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neglects electron correlation. Geometry optimisations will be carried out using DFT
methods; CCSD(T) calculations will be performed for getting reliable estimates of the
energy. CCSD(T) calculations will also be used for the calculation of (response)
properties of molecules. The huge amounts of available memory and disk space make the
use of sufficiently large basis sets for chemical accuracy (±1 kcal/mol) possible.
Valence bond theory will gain in popularity, as chemists are attracted to the easy
interpretability of the results. VB calculations on moderately sized molecules, not only
molecules with p systems, can be performed in reasonable amounts of time on massive
parallel machines. The inclusion of electron correlation, by for example the use of
correlated structures, will turn this qualitative model into a quantitative one.
However, before we will reach Utopia, a lot of difficulties have to be solved. For
example, DFT methods currently tend to prefer delocalised structures. This preference
leads to substantial errors in the prediction of for example the energy difference between
C10H10 isomers [12]. Particularly poor is the qualitatively wrong description of the
potential energy curve for the dissociation of radical cations by DFT [13-16]. For example
the reaction product of the dissociation of H3N-NH3
+ is according to DFT 2NH3
0.5+ instead
of NH3 and NH3
+. A qualitatively correct description for this dissociation process is
obtained when the exact, i.e. Hartree-Fock exchange is used. Thus, the current exchange
functionals are far from the exact ones. Unfortunately, it still appears to be very difficult
to correct this problem.
For the description of excited states, DFT also seems to work satisfactorily, as
long as the transitions do not possess charge transfer character [17]. Probably this error is
related to the qualitatively wrong description of potential energy surfaces of radical
cations. Hence, DFT should be applied with caution for the calculation of many excited
state properties and geometries. Thus CI (both non-selected and selected) and CASPT2
methods still have their place. To keep control over the number of configurations in the CI
calculations on systems with a large number of electrons and molecular orbitals, methods
should be developed which are able to freeze unimportant orbitals. One can think of a
localisation of the orbitals and freeze the orbitals, not relevant for the calculation.
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Already a parallel version of the DIESEL-CI program [18] exists. Test
calculations on 1,4-dimethylidene-cyclohexane (12 099 236 configuration state functions)
show that this program scales reasonably well with an increasing number of processors.
The test calculations were performed on an Origin 2000 machine (128 300 MHz R12K
CPU’s (600 Mflop/s) and 65 GB memory) which is located at SARA at Amsterdam. The
wall-time of the two CPU calculation was 151 356 s, while the four CPU calculation took
79 446 s. Thus 97.4% of the code is parallelised, leading to a maximum speed-up for this
job by a factor of 39. Hence, only ca. 32 CPU’s can effectively be used. Thus e.g. MRDCI
calculations can easily be performed on large molecules (ca. 500 orbitals) and on parallel
machines. However, before these calculations use all CPU’s of the new supercomputer
(1024 R14K CPU’s [1000 Mflop/s]), a lot of programming has still to be done.
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Summary
In the first chapters, the photo-physical properties of oligo(cyclohexylidenes)
have been explored. The UV spectra of oligo(cyclohexylidenes) are superpositions of the
UV spectra of the individual conformers. In the case of 1,1’-bicyclohexylidene, it is
composed of the UV spectrum of its anti- and its yn-conformer. The calculations indicate
(and this has later been verified for anti- and syn-4,4’-di-tert-butyl-bicyclohexylidene)
that the UV spectra are markedly different for the two conformers, as a consequence of
the change in point group. The first bands of the UV spectrum of anti-1,1’-
bicyclohexylidene are assigned to p®p* and p®s* transitions. The p®s* transition
possesses charge transfer character from the olefinic carbon atoms towards the equatorial
hydrogen atoms of the cyclohexyl rings. In the case of syn-1,1’-bicyclohexylidene, the
p®s* transition has a vanishingly low oscillator strength.
Upon the extension of the molecular rod length, more p®p* transitions are
discernible. The p®s* transitions are shifted to higher energy, thus they will not be
observable in solution UV spectroscopy.
The transition energies of the parent oligo(cyclohexylidenes) have been
calculated using various methods, viz. the MRDCI, Direct-CI, MR-MP2 and MR-MP3
methods. All methods perform equally well for the assignment of the excited states. The
transition energies of 1,1’-bicyclohexylidene calculated at the MR-MP3 level are close to
those obtained using the Direct-CI method. However, the MR-MP2 method is unreliable
for the calculation of transition energies, for states, e.g. he p®p* excited states of
1,1’:4’,1”-tercyclohexylidene, possessing a high degree of multi-reference character. The
MR-MP3 and MRDCI methods perform equally well in that case. Thus, the MRDCI and
MR-MP3 methods are the methods of choice for calculating transition energies.
Ghost-centre calculations on 1,1’:4’,1”-tercyclohexylidene and 4,4’-
bis(tetrahydro-4H-thiopyran-4-ylidene) elucidate that the non-degeneracy of the p bonds
and the sulphur lone pairs is caused by through-bond interactions. NBO analyses show
that the through-bond interactions are mediated by the H(ax)-C-C-H(ax) sub-units and the
p bonds of the intervening cyclohexyl moieties. The splitting in energy between the
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sulphur lone pairs is moderately affected by elongating the intervening spacer (2(0):
DE(LpS) 0.464 eV; d(S-S) = 3.49 Å; 2(4): DE(LpS) 0.224 eV; d(S-S) = 20.33 Å). Thus
the oligo(cyclohexylidenes) possess good molecular wire characteristics.
In probing the extra stability of benzene, due to resonance/delocalised p-
electrons, the problem is the determination of the energy of the reference compound. The
energy of benzene, described by two Kekulé structures, should be compared to that of
1,3,5-cyclohexatriene, i.e. a reference compound described by only one Kekulé structure.
The best approach towards these reference compounds is the application of Ab Initio
Valence Bond (VB) theory. A comparison of the energies of two-Kekulé-structure
benzene with one-Kekulé-structure 1,3,5-cyclohexatriene in the benzene geometry shows
that benzene is only 9.6 kcal/mol more stable (-VRE). Geometry optimisation of one-
Kekulé-structure 1,3,5-cyclohexatriene leads to a D3h symmetric structure, with
alternating bond lengths, located 7.4 kcal/mol above benzene (-TRE). A calculation on
deformed benzene (two Kekulé structures) in the 1,3,5-cyclohexatriene optimised
geometry shows that it is stabilised by resonance by 6.2 kcal/mol. This deformed benzene
is located only 1.2 kcal/mol above benzene itself. Upon geometry optimisation, D6h
symmetric benzene results. The resonance between the two Kekulé structures is thus
necessary for the D6h symmetric geometry of benzene. The suitability of our ab initi
Valence Bond approach, to probe the importance of Kekulé structures, prompted us to use
this method for the study of complex (non)-alternant polycyclic aromatic hydrocarbons.
VB calculations on the cyclopentafused pyrene derivatives were performed to
study the effect of cyclopentafusion on their aromatic properties. The resonance energies
of all considered compounds have the same magnitude, in line with their aromatic
stabilisation energies. All Kekulé resonance structures, in which the five membered rings
actually participate in the electron delocalisation path, have negligible weights and
contributions to the total resonance energy. The most important Kekulé resonance
structures are those that contain the maximum number of aromatic sextets (benzene-like
rings), in line with Clar’s model of aromaticity. No support was found for Platt’s ring
perimeter model; the resonance between structures that lead to electron delocalisation
around the ring perimeter has a negligible contribution to the resonance energy. All
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resonance interactions between structures that lead to conjugated circuits with 4n p
electrons have small contributions to the total resonance energy. Thus the results of the
VB calculations show that the cyclopentafused five-membered rings should be seen as
substituents and not as a part of the delocalised p system.
The NICS criterion for aromaticity suggests a gradual decrease of aromatic
character upon cyclopentafusion, in contrast to the resonance criterion. We have shown
that the NICS criterion should be used with care for comparing the aromatic properties of
the individual rings of different molecules. The diamagnetic part of the chemical shielding
at the ring centre can be used for this purpose, if identical gauge origins are ensured.
Furthermore, the results of the VB calculations show that no relation exists
between the stability and resonance energy of the dicyclopentafused pyrene isomers.
Imposed strain on the skeleton has a large effect on the relative stability. The order of
magnitude of the strain energy is the same as that of the resonance energy. Thus strain
energy may not be ignored when the relative stability order of isomers is estimated.
The results of the calculations on the thermal electrocyclic ring opening of
Dewar benzene towards benzene show that for this reaction, two distinct pathways are
available, viz. the symmetry allowed con-rotatory path and the symmetry forbidden d s-
rotatory path. The activation energy for the con-rotatory reaction is 6.6 kcal/mol lower
than that for the dis-rotatory one, in contrast to common belief. Cis, cis, trans-1,3,5-
cyclohexatriene (trans-benzene) is not an intermediate on the con-rotatory reaction
pathway.
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In de eerste hoofdstukken van dit proefschrift staat het onderzoek naar de
optische eigenschappen van oligo(cyclohexylidenen) centraal. De UV spectra van
oligo(cyclohexylidenen) bestaan uit superposities van de UV spectra van alle individuele
conformeren. In het geval van 1,1’-bicyclohexylideen bestaat het UV spectrum van dat
van zijn anti- en van zijn syn-conformeer. De berekeningen geven aan (en dit is later
bevestigd voor anti- en syn-4,4’-di-tert-butyl-bicyclohexylideen) dat de UV spectra van
beide conformeren verschillend zijn, als een gevolg van de puntgroeps verandering. De
eerste absorpties in het UV spectrum van anti-1,1’-bicyclohexylideen zijn toegekend aan
p®p* en p®s* overgangen. De p®s* overgang gaat gepaard met ladingsoverdracht van
de olefinische koolstofatomen naar de equatoriale waterstofatomen van de cyclohexyl-
ringen. In het geval van sy -1,1’-bicyclohexylideen heeft deze p®s* overgang een
verwaarloosbaar klein overgangsmoment.
Wanneer deze molekulen verlengd worden, zijn steds meer p®p* overgangen
zichtbaar. Steeds meer energie is nodig om een p®s* overgang te bewerkstelligen, dus
deze overgangen zijn niet meer waarneembaar bij UV spectroscopie in oplossing.
De excitatie energieën van de niet-gefunctionaliseerde oligo(cyclohexylidenen)
zijn berekend met verschillende methoden, namelijk met de MRDCI, Direct-CI, MR-MP2
en MR-MP3 methoden. Alle methoden presteren even goed voor de toekenning van de
aangeslagen toestanden. De excitatie energieën van 1,1’-bicyclohexylideen berekend met
behulp van de MR-MP3 methode liggen in de buurt van de excitatie energieën verkregen
met de Direct-CI methode. Echter, de MR-MP2 methode is onbetrouwbaar voor de
berekening van excitatie energieën voor toestanden, zoals bijvoorbeeld de p®p*
aangeslagen toestanden van 1,1’:4’,1”-tercyclohexylideen, die niet beschreven kunnen
worden met een enkele determinant golffunctie, welke bestaat uit de orbitals van de
grondtoestand. De MR-MP3 en MRDCI methoden presteren in dat geval even goed. Dus
de MRDCI en MR-MP3 methoden zijn de methoden die gekozen moeten worden voor de
berekening van excitatie energieën.
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Berekeningen waarbij de basis funkties geplaatst zijn op kernen met lading nul
op plaatsen waar zich eerst de atoomkernen bevonden, aan 1,1’:4’,1”-tercyclohexylideen
en 4,4’-bis(tetrahydro-4H-thiopyran-4-ylideen) laten zien dat de energie van de p
bindingen en zwavel niet-gebonden (vrije) electronen paren niet gelijk zijn doordat zij een
interactie met elkaar hebben via de bindingen van het deel van het molekuul dat tussen
hen inligt (indirecte interactie). NBO analyses laten zien dat de betreffende orbitalen deze
indirecte interacties met elkaar hebben, doordat zij een interactie hebben met de H(ax)-C-
C-H(ax) eenheden en de tussenliggende p bindingen van de cyclohexyl ringen. De
opsplitsing van de energienivo’s van de vrije electronen paren van de zwavelatomen
wordt maar een beetje beïnvloed door het verlengen van de lengte van de tussenliggende
brug (2(0): DE(LpS) 0.464 eV; d(S-S) = 3.49 Å; 2(4): DE(LpS) 0.224 eV; d(S-S) = 20.33
Å). Dus de oligo(cyclohexylidenen) hebben goede molekulaire draad eigenschappen.
Bij het onderzoek naar de extra stabiliteit van benzeen, als gevolg van
resonantie/p electron delokalisatie, is het berekenen van de energie van het referentie
molekuul een probleem. De energie van benzeen, dat beschreven wordt met twee Kekulé
strukturen, zou vergeleken moeten worden met die van 1,3,5-cyclohexatrieen, dat een
referentie molekuul is dat beschreven wordt met één Kekulé struktuur. Deze referentie
verbindingen kunnen het best benaderd worden met de toepassing van de ab i itio
Valence Bond (VB) theorie. Een vergelijk van de energieën van benzeen (beschreven met
twee Kekulé strukturen) en van 1,3,5-cyclohexatrieen (beschreven met één Kekulé
struktuur) in de geometrie van benzeen laat zien dat benzeen alleen maar 9.6 kcal/mol
stabieler is (-VRE). Een optimalisatie van de geometrie van het met één Kekulé struktuur
beschreven 1,3,5-cyclohexatrieen geeft als resultaat een D3h symm trische struktuur, met
alternerende bindingsafstanden, die 7.4 kcal/mol hoger in energie ligt dan benzeen (-
TRE). Een berekening aan vervormd benzeen (beide Kekulé strukturen) in de optimale
1,3,5-cyclohexatrieen geometrie toont aan dat deze met 6.2 kcal/mol gestabiliseerd wordt
door resonantie. Dit vervormde benzeen molekuul ligt alleen maar 1.2 kcal/mol hoger in
energie dan benzeen zelf! Wanneer nu de geometrie wederom wordt geoptimaliseerd
wordt de D6h geometrie van benzeen verkregen. De resonantie tussen de beide Kekulé
strukturen is dus noodzakelijk voor de D6h symmetrische geometrie van benzeen. De
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geschiktheid van onze ab initio Valence Bond methode om het belang van Kekulé
strukturen te onderzoeken, hebben ons ertoe aangezet om met deze methode complexe
(niet)-alternerende polycyclische aromatische koolwaterstoffen te onderzoeken.
VB berekeningen aan verbindingen waarbij vijfringen zijn aangebracht aan het
pyreen skelet, werden uitgevoerd om het effect van deze vijfringen op het aromatische
karakter van de verbindingen te onderzoeken. De resonantie energieën van alle
verbindingen die beschouwd werden zijn van dezelfde grootte orde, wat overeenkomt met
hun aromatische stabilisatie energieën. Alle Kekulé resonantie strukturen waarbij de
vijfringen echt meedoen in het electron delokalisatie pad hebben verwaarloosbare
gewichten en bijdragen aan de totale resonantie energie. De belangrijkste Kekulé
resonantie strukturen zijn die met het grootste aantal aromatische zesringen (gelijkend op
de benzeenring). Dit is in overeenstemming met Clar’s model voor aromaticiteit. Geen
ondersteuning werd gevonden voor Platt’s ring perimeter model; de resonantie tussen de
benodigde strukturen voor electron delokalisatie om de ring perimeter draagt maar beperkt
bij aan de totale resonantie energie. Alle resonanties tussen strukturen die leiden tot
electron delokalisatie in ringen met 4n p lectronen dragen maar beperkt bij aan de totale
resonantie energie. Dus de resultaten van de VB berkeningen laten zien dat vijfringen
beschouwd moeten worden als substituenten en niet als een deel van het gedelokaliseerde
p systeem.
Het NICS criterium voor aromaticiteit suggereert een geleidelijke afname van het
aromatische karakter wanneer vijfringen aan het pyreen skelet worden gezet, wat in
tegenstelling is tot het resonantie criterium. Wij hebben laten zien dat het NICS criterium
niet zonder meer toepasbaar is voor het vergelijk van het aromatische karakter van
verschillende ringen in verschillende molekulen. Het diamagnetische deel van de
afscherming in het centrum van de ring kan voor dit doel gebruikt worden, als identieke
gauge oorsprongen gegarandeerd worden.
Bovendien laten de resultaten van de VB berekeningen zien dat geen relatie
bestaat tussen de stabiliteit en de resonantie energie van de di-gesubstitueerde pyreen
isomeren. Opgelegde spanning op het skelet heeft een groot effect op de relatieve
stabiliteit. De spannings energie is van dezelfde grootte orde als de resonantie energie.
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Dus de spannings energie mag niet genegeerd worden bij het maken van een schatting van
de relatieve stabiliteit van isomeren.
De berekeningen aan de thermische electrocyclische ringopenings reaktie van
Dewar benzeen naar benzeen laten zien dat voor deze reaktie twee paden beschikbaar zijn,
namelijk het symmetry toegestane conrotatorische n het symmetry verboden
disrotatorische r aktiepad. De activeringsenergie voor de conrotatorische r aktie is 6,6
kcal/mol lager dan die voor de disrotatorische r aktie, in tegenstelling tot wat men altijd
dacht. Cis, cis, trans-1,3,5-cyclohexatrieen (trans-benzeen) is geen intermediair op het
conrotatorische r aktiepad.
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